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Photochemical transformations give rise to radical intermediates that are enabling tools for 
constructing molecular scaffolds in alternative methods from traditional two-electron processes. 
Herein, we detail four discrete projects focused on harnessing photochemically-created radicals 
for building nitrogen-containing architectures. We first explored a formal [5+2] photochemical 
cycloaddition of vinyl-pyrrolidinones in order to efficiently reach densely functionalized azepane 
motifs from simple aldehydes and pyrrolidinones. Second, we describe the discovery and 
development of a cobalt and photoredox catalyzed hydroaminoalkylation of conjugated dienes to 
afford functionalized homoallylic amines. Third, we explored the union of metal-nitrene catalysts 
and photoredox in efforts to forge new aliphatic C-N bonds. Finally, we established a method for 
the remote functionalization of unactivated sp3 C-H bonds with nickel metallophotoredox, which 
can be specifically controlled to deliver a new C-C bond at different unactivated methylenes.
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1.1 Organic Compounds and the Electromagnetic Spectrum 
The interaction between molecules and the electromagnetic spectrum is a primary facet of nearly 
all realms of chemistry as it constitutes all of the non-vehicular transmittance of energy across 
distance. The scientific community has put significant effort in harnessing the wide array of 
energies available from the electromagnetic spectrum to interrogate and manipulate compounds 
on a molecular level. Visible light, as well as ultra-violet (UV) and infrared (IR), is of primary 
importance for organic chemistry, as the energy delivered is sufficient to induce electronic 
transitions.  
Depending on the nature of the compound, these electronic transitions can take multiple forms, all 
of which are dependent on the HOMO-LUMO excitation of the molecule. The energy of the UV 
and visible spectrums can be sufficiently high to enable bond-forming and bond-breaking events, 
as the energy contained within a specific photon of light is similar to that of the bond dissociation 
energies (BDEs) of many organic functionalities (Scheme 1.1). High energy UV radiation (~200 
nm) contains 143 kcal/mol which is sufficiently strong to break nearly all covalent σ bonds.1 The 
edge of the visible spectrum, violet light (400 nm), contains about 72 kcal/mol, which is 
sufficiently strong to break weak σ bonds or π bonds. However, not all molecules are capable of 
absorbing all wavelengths of light. Typically, conjugated π-systems cause a bathochromic shift in 
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the absorbance, with more auxochromes or conjugated systems causing a shift into the visible 
spectrum.  
 
Scheme 1.1: Energy Available in the Electromagnetic Spectrum and Common BDEs and 
Absorbances of Organic Compounds 
Recent technological advances, such as light-emitting diodes (LEDs), have aided the adaptation of 
photochemical reactivity in synthetic settings due to the ability to choose specific wavelengths 
(and thus the incident energy supplied to the reaction). The ability to specifically provide energy 
to a molecule in solution, while avoiding all other reactive species, demonstrates the power of 
photochemical excitation. Light also provides a method of spatial and temporal resolution of 
reactivity, as the energy provided to the reaction can be specifically given at chosen locations and 







Upon absorbance of a photon of sufficient energy, an electron is excited from the HOMO to the 
LUMO in a compound of interest, creating a SOMO (singly occupied molecular orbital) state 
(Scheme 1.2). This is typically an excitation of a ground-state singlet, S0, to an excited state singlet, 
depending on the energy of the absorbed photon.2 The excited electron enters an excited singlet 
state, S1, after vibrational relaxation, which can either relax back to the ground state, through either 
fluorescence or non-radiative decay, or can undergo intersystem crossing through a spin-forbidden 
process to give a lower energy triplet state, T1. Since relaxation from the T1 to the S0 state is also 
spin-forbidden, triplet states are reasonably long-lived.  Molecules are capable of reacting from 
either an excited singlet or excited triplet state, as the lifetime for the S1 and T1 states can exist on 
the order of nano- to milliseconds. 
 
Scheme 1.2: Simplified Jablonski Diagram for Photo-Excitation 
For the vast majority of organic compounds, the excitation of a functional group is either a π to 
π*, n to π*, or σ to σ* transition (Scheme 1.3). This means that photoexcitation generates a 
diradical species, residing in separate orbitals. Excited singlet states are capable of immediately 
recombining while triplet states are typically more long-lived due to a slow, forbidden spin-
inversion before recombination. The nature of the electronic transition, as well as the available 
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functionalities proximal to the diradical species, dictate the reactive path that these radicals can 
follow. For example, a π to π* transition in conjugated alkenes leads to the breaking of a π bond 
and can lead to diradical character throughout the entire conjugated system. A σ to σ* transition 
in a weak σ bond can lead to scission to form two independent radicals in solution. 
 
Scheme 1.3: Common Electronic Transitions Induced by Photo-Excitation 
Long-lived radical species (typically those in triplet states) that have no productive intramolecular 
pathways of reactivity can be used as sensitizers for other molecules that are incapable of direct 
absorbance of light. The traditionally common pathway is triplet-state sensitization in which a 
molecule with a long-lived excited triplet state is able to transfer that energy through a Dexter or 
Förster-type energy transfer to a substrate, generating a triplet state substrate which can proceed 
to further reactivity. An additional form of sensitization relying on photoinduced electron transfer 
(PET), referred to as photoredox, will be described at length in Chapter Three. Sensitization also 
avoids the use of high-energy UV light (< 300 nm) which can indiscriminately excite a wider 




Scheme 1.4: Triplet Sensitization 
Photochemical reactions are quite dependent on the number of photons that are available to the 
reactive system. This is due to the fact that most photochemical reactions are photon-limited 
because the efficiency of absorbance, called the quantum yield, is often very low.3 In organic 
photochemistry the quantum yield is typically measured as the yield of intended product, using 
photons as the limiting reagent. This also means that photochemical reactions are particularly 
dependent on photon flux (the number of photons passing through a given area per unit time) and 
are therefore sometimes limited because of the many losses of incident light via reflection, 
refraction, and absorption by other species. 
 
1.3 Modern Synthetic Organic Photochemistry 
The use of light as the primary energy source for organic reactions is an important, yet overall 
small, subset of the synthetic repertoire. This is due in part to the small cross-section of the UV-
visible spectrum that most organic compounds are capable of absorbing, which naturally limits the 
functionality tolerance and reactive pathways. Yet, synthetic photochemical processes are capable 
of accessing reactivity unbeknownst to other methods due to the inherent nature of the excited-
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state species that light can access. While the first true collective interest in synthetic organic 
photochemistry occurred during the 1950s through 1970s, modern methods have focused on the 
effective control of these processes while avoiding deleterious pathways. 
The most common sub-sets of organic reactivity accessed through photochemical processes are 
briefly highlighted below.  
 
1.4 Photochemical Electrocyclizations and Cycloadditions 
Perhaps the most well-known photochemical reactions are those of conjugated alkenes, including 
electrochemical ring closures and [2+2] cycloadditions. Inspiration for these processes originates 
from nature, as there are many examples of photochemical cyclization events, such as the 
electrocyclic ring opening of vitamin D,4 or the [2+2] photodegradation of DNA.5 In general, 
photochemical routes towards similar ring structures provide straightforward methods, often with 
multiple C-C bond forming events, for the construction of difficult architectures. Modern 
applications of these methods have focused on templating these reactions to control the regio-, 




Scheme 1.5: Recent Examples of Photochemical Cycloadditions 
 
1.5 The Radical Chemistry of Carbonyls 
Carbonyls, particularly ketones, have a rich photochemical history due to the n to π* transition 
from the carbonyl-centered HOMO. Excitation of ketones generates a diradical with radical 
character present on both the carbon and oxygen of the parent carbonyl which are capable of 
reacting from either an excited singlet or an excited triplet state. Aryl and di-aryl ketones in 
particular are well-known triplet sensitizers and are capable of transferring their excited state to 
another compound in solution. However, they can also react directly from this diradical species in 
several major fashions. 
The excited state diradical of alkyl ketones are capable of α and β-scission chemistry, described as 
Norrish Type-I and Type-II cleavages. In a Norrish Type-I cleavage, the C-C bond α to the 
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carbonyl homolytically cleaves to form an acyl radical and an alkyl radical. This process is more 
favored with increasing stabilization of the alkyl radical. Norrish Type-II pathways involve the 
abstraction of a hydrogen atom by the oxygen-centered radical in a 1,5 fashion to ultimately cause 
cleavage of the β C-C bond to yield an enol and an alkene or through radical recombination with 
the ketyl radical to form a four-membered ring. The diradical character exhibited by carbonyl 
moieties after excitation also allows them to undergo [2+2] cycloadditions with alkenes, known as 
the Paterno-Büchi reaction, for the direct construction of oxetanes. Modern methodologies to 
access this reactivity has focused on the use of aryl ketones as cleavable radical carriers for the 
generation of synthetically viable radical intermediates.8 
 




1.6 Free Radical Initiation 
Generation of free radicals, for a variety of bond forming and bond-breaking reactions has been a 
well-utilized strategy for stitching together organic scaffolds. These strategies typically require a 
photoinitiator, which is capable of absorbing a photon and rapidly decomposing to a radical species 
that can initiate a free radical process. Typical initiators are compounds with a weak σ bond, such 
as a peroxide, or easily extrude a stable molecule such as CO2 or N2. Tert-butyl peroxide or AIBN 
have been exceptionally well used photoinitiators for these processes, often coupled with a free 
propagating compound such as tributyl tin hydride. Homolytic scission or extrusion after 
photoirradiation generates two reactive radical species which have a low incidence of 
recombination and therefore are sufficiently long-lived to collide with the substrate of interest. For 
large-scale radical polymerization chemistry, similar strategies have also been well-utilized. These 
processes however are typically self-propagating, and after the initial incident light to start the 
radical chain are truly no longer photochemical in nature, but just abide by radical chain 
propagation. Many of these chain initiation strategies are being replaced by photoredox-initiated 





Scheme 1.7: Free Radical Initiation Using Photochemical Strategies 
 
1.7 Summary 
Organic photochemistry is an important piece of the synthetic toolbox, providing access to radical 
reactivity that is unavailable through other methods. The ability to use light as a reactant in the 
reaction allows for precise amounts of energy to be provided to individual species at specific 
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A PHOTOCHEMICAL FORMAL [5+2] CYCLOADDITION ROUTE 
TOWARDS SUBSTITUTED AZEPANES 
 
 
2.1 Nitrogen Functionality and the Prevalence of Azepanes and Azocanes 
Nitrogen functionalities are ubiquitous in organic compounds exhibiting bioactivity largely due to 
their propensity for hydrogen bonding and electrostatic interactions with biological targets. 
Nitrogen-containing heterocycles in particular are an important class of compounds due to 
reactivity induced by the nitrogen atom as well as the structural rigidity and lipophilicity balance 
imparted by ring systems.  The importance of these nitrogen structural and reactivity motifs is 
exemplified by their use in pharmacological structures, where 84% of the pharmaceutical drugs 
approved up to 2012 by the FDA contained at least one nitrogen atom (Scheme 2.1).1 Of these 
compounds, 59% contained at least one nitrogen heterocycle. This prevalence is similar to that of 
oxygen and greatly outweighs the incorporation of all other heteroatoms, including sulfur (26%) 
and fluorine (13%).2 
 
Scheme 2.1: 2012 Distribution of Heteroatoms in FDA Approved Drugs 
Due in part to this striking abundance of nitrogen heterocycles, the synthetic organic community 
has invested significant effort in efficiently synthesizing cyclic nitrogen-containing moieties.  
13 
 
Unsurprisingly, five- and six-membered rings have garnered the most attention relative to their 
three-, four-, seven, and eight-membered analogues.  Although they appear less frequently than 
these other “common” rings, seven- and eight-membered nitrogen heterocycles appear in a sizable 
percentage (5%) of all FDA approved drug candidates. However, the incidence of routes detailing 
their synthesis in the patent literature is heavily under-representative of this prevalence.  
 
Scheme 2.2: Relative Nitrogen Heterocycle Incidence Versus the Number of Patents Focused on 
their Synthesis1,3 
,3 
2.2 Roots in Total Synthesis 
The Rovis group became interested in generating functionalized azepanes during the investigation 
of a retrosynthetic route to the Stemona alkaloid, stemocurtisine.  The eastern fragment of 
stemocurtisine contains a fused piperidine-azepane motif which could be potentially accessed 
through an asymmetric Stetter reaction, as demonstrated in a related alkaloid, asparagamine A by 
a former group member, Mark Kerr (Scheme 2.3).4  This strategy could efficiently forge the 
challenging [5.4.0] bicyclic system asymmetrically in a facile manner. This Stetter reaction would 
have to be performed on an unsaturated [1,4] azepinone, where a nucleophilic Breslow 
intermediate, formed from the pendent aliphatic aldehyde intermediate, would add to the β-




Scheme 2.3: Asymmetric Stetter for the Construction of the Stemona Alkaloids 
With this strategy in mind, David Rubush, a former group member, directed his attention to the 
synthesis of the azepinone fragment.   He happened upon a relatively unknown transformation in 
the patent literature that accesses an unsaturated azepinone, 2a, from N-vinyl pyrrolidinone, 1a, in 
a single, photochemical step (Scheme 2.4).5 This was particularly intriguing reactivity, as the vinyl 
substituent selectively inserts into the C-N bond.  In a quick exploration of this chemistry, Rubush 
showed that this rearrangement works with simple substitution on the alkene fragment.6 
Using this model fragment, Rubush attempted the intramolecular Stetter with a pendant aldehyde. 
However, the intended reactivity with this route did not yield any of the desired bicycle.  Several 
efforts to withdraw electron density from the vinylogous amide to make the β-position more 
electrophilic were not productive.  Due to these setbacks, Rubush moved onto alternative strategies 




Scheme 2.4: Model Studies on the Azepane Core 
 
2.3 Photochemical Activity of Vinyl Amides 
Despite the failure of the Stetter reaction pathway, there lingered substantial interest in the formal 
[5+2] cycloaddition. The transformation bears resemblance to either a Photo-Fries rearrangement 
or a [1,3] acyl shift, with an acyl moiety migrating three atoms down the conjugated system.  This 
method, if generalized, could provide a route of formation for 3-substituted azepane derivatives 
from easily accessible vinyl-pyrrolidinones.  This type of photochemical reactivity was first 
discovered by Isso and Kende during their irradiation of Reissert compounds, giving an 
unexpected [1,3] acyl shift (Scheme 2.5).7 Independently, Lenz8 and Hoffmann9 explored this 
reactivity, showing acyclic vinyl acetamides rearrange to the vinylogous amide when irradiated in 





Scheme 2.5: Early Examples of the Photochemistry of Vinyl Amides 
This reactivity has most generally been shown using the more electron deficient phthalimides and 
maleimides by Mazzocchi,10 Booker-Milburn,11 and Sato12 (Scheme 2.6). These more activated 
systems react faster than the pyrrolidinone substrate; however, they are inherently structurally 
limited. Booker-Milburn has showcased the versatility of these reactive systems by controlling the 
triplet and singlet reaction pathways to dictate whether the [5+2] rearrangement or [2+2] reactivity 
dominates with pendant alkenes.  The related imide framework, a vinyl succinimide, had yet to 




Scheme 2.6: Relate Ring-Expansions with Phthalimide and Maleimide Functionalities 
Despite these more thorough studies of the vinyl imides, the photochemical [5+2] vinyl 
pyrrolidinone, arguably the most useful structural motif of this reactive family, remained 
synthetically unstudied. We found this reactivity to be an alluring and powerful route to rapidly 
access functionalized azepanes, so we focused efforts on developing this method. 
 
2.4 Optimization of the Formal [5+2] Rearrangement 
One of the attractive features of this Photo-Fries type reactivity with the pyrrolidinone backbone 
relative to their maleimide and phthalimide family members, is the ease with which the starting N-
vinyl pyrrolidinone can be accessed relative to the other systems. Most of the substrates screened 
in this study can be synthesized through a simple condensation reaction to yield the resultant vinyl 
pyrrolidinone. We envisioned that it could be possible to access azepane motifs in a one or two 
step procedure from commercially available pyrrolidinones and aldehydes (Scheme 2.7). Due to 
the availability of functionalization available for each of the coupling partners, a larger range of 




Scheme 2.7: Proposed Route Towards Azepane Derivatives 
First, we made several changes to the rearrangement procedure in order to enhance yields.  We 
first investigated the choice of solvent because the nucleophilicity of methanol may pose a problem 
for the single-pot reaction (Table 2.8).  We explored several other solvents, commonly used for 
photochemical processes due to their lack of absorbance in the intended UV region, such as 
tetrahydrofuran (THF), acetonitrile (MeCN), and diethyl ether.  THF fits all of these requirements 
and the benzyl product forms in 92% yield as compared to methanol (61%) after 48 hours. To 
avoid intermolecular side reactions, we reduced the procedural concentration for these 
rearrangements from 0.2 M by an order of magnitude to 0.02 M.  [2+2] Cycloadditions13 and 
competitive vinyl pyrrolidinone polymerization14 tend to limit the productive pathways, so 
unsurprisingly, prudent avoidance through lower concentration enhances the yield of the desired 




Scheme 2.8: Optimization of the Photochemical Rearrangement 
It was evident from substrate synthesis that in order to induce the condensation and rearrangement 
sequentially, acidic conditions would be required to effect the condensation.  The question then 
became whether the acidic conditions would interfere with the photochemical rearrangement.  
Additionally, the presence of Lewis or Brønsted acids in the reaction should induce a bathochromic 
shift in the absorbance of the vinyl acetamide moiety, allowing for the utilization of lower energy 
incident light. 
We observed that addition of the Lewis acid FeCl3 causes a shift in the absorbance from a λmax of 
237 nm to 331 nm, indicating that this hypothesis might be valid. Unfortunately, the single two-
component rearrangement proved difficult due to trapping of the intermediate vinyl pyrrolidinone 
by excess acetate or pyrrolidinone, and no productive [5+2] cycloaddition products were observed. 
We instead shifted our attention towards the two-step protocols since it effectively yielded the 





2.5 Scope of the Reaction 
Having optimized the conditions for the photochemical [5+2] cycloaddition we sought to extend 
its synthetic utility through a thorough investigation of the scope.15 We first investigated the scope 
of the substitution on the enamine functionality. The rearrangement tolerates a broad range of alkyl 
and aryl substituents, including functionality exhibiting existing stereocenters, 2j, that do not 
degrade over the course of the reaction. Heteroatom functionalities are also tolerated, with 
enamines featuring protected alcohols, thio-ethers, and trifluoromethyl groups also participating 
well under the reaction conditions (2h, 2m, and 2i, respectively). Dioxolane-protected carbonyls 
are also tolerated under the reaction conditions, 2k. 
 
Scheme 2.9: Scope of Enamine Substitution 
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Other carbonyl-substituted enamines, 2t and 2u do not participate well in the reaction, presumably 
due to the unproductive excitation of these functionalities under the UV light. Functionalization at 
the position α to nitrogen on the enamine is tolerated somewhat, but does not progress in significant 
yield. Efforts to utilize enamines that are difunctionalized at the β-position, 2q and 2r, to 
potentially prevent the final tautomerization step were unsuccessful. 
 
Scheme 2.10: Select Extended Scope 
The reaction also tolerates most functionalization on the backbone of the pyrrolidinone fragment. 
Stereocenters can be incorporated without racemization at either the β or γ positions of the lactam. 
However, incorporation of functionality at the α position, 4a,  exhibits racemization during 
irradiation. This is most likely due to a competitive, yet reversible, Norrish Type-I cleavage of the 
α-C-C bond in the resulting product. Two succinimide substrates that were previously not known 





Scheme 2.11: Scope of the Pyrrolidinone Backbone Functionalization 
Larger ring sizes can also be accessed. The eight-membered ring proceeds efficiently with 
functionalization on the enamine moiety, 6b; however, the nine-membered analog, 6d, shows a 
significantly lower yield due to competing polymerization pathways. Even by lowering the 
concentration of the reaction to 0.001 M, the rearrangement was still largely inefficient. Efforts to 
afford the eight-membered vinylogous amide from the six-membered vinyl carbamate show a 




Scheme 2.12: Exploration of Ring Size 
 
2.6 Potential Mechanism 
Our proposed mechanism for this reactivity involves a Norrish Type-I (α) homolytic cleavage after 
irradiation with 254 nm light (Figure 2.13).  As is the case for many non-aryl carbonyl Norrish 
Type-I cleavages, this absorption will most likely exhibit an n→π* excitation of the carbonyl, 
followed by the homolytic cleavage of the C-N bond of the amide, III.  From this point, there are 
two possible outcomes.  The first outcome involves recombination of the resultant diradical, II, 
reforming the starting vinyl pyrrolidinone.  Alternatively, the radical character present on the 
carbon β to the nitrogen atom, through resonance, can recombine with the carbonyl radical forming 





Scheme 2.13: Potential Mechanism 
Low viscosity solvents that do not absorb at 254 nm have been shown to have the fastest initial 
rates for this transformation, presumably because the solvent cage allows for the bond rotation 
needed for the productive recombination.16   Work done by Booker-Milburn on the chemistry of 
the maleimide cycloaddition suggests that the reactive biradical intermediate is in an excited 
singlet state as opposed to an excited triplet state.11b  When the maleimide chemistry is exposed to 
the common triplet sensitizer benzophenone, the maleimide reacts preferentially in a [2+2] fashion 
to give 8.  However, when directly irradiated, the maleimide reacts in the [5+2] pathway to give 
9.  Though not conclusive, this data suggests that the [5+2] cycloaddition in the desired 
pyrrolidinone also proceeds through the excited singlet state. 
 




The cyclic vinylogous amide moiety made through this method is a useful functional handle for 
further manipulation (Scheme 2.15). Georg17 and others18 have reported multiple methods to 
functionalize the six-membered vinylogous amide analogues. The Rovis group also had some 
experience before regarding these structures in conjunction with our [2+2+2] chemistry.19 
However, the comparable reactivity of the seven-membered variants is relatively unknown. 
Though our efforts to add a nucleophile into the β-position of the vinylogous amide in a single step 
were fraught with difficulty, soft 1,4 additions using copper under strongly Lewis acidic conditions 
after protection of the free N-H proceeded smoothly. When these and other nucleophilic addition 
conditions were screened in the presence of UV light during the rearrangement in pursuit of a two-
component reaction with potential control over diasteroselectivity,20 unfortunately the reaction did 
not proceed. Additionally, reduction of the vinylogous amide, either through hydrogenation or 
global hydride reduction, proceeds with good yield. Finally, it is possible to remove the ketone 






Scheme 2.15: Derivatization Routes 
 
2.9 Summary 
We have explored the formal [5+2] photochemical rearrangement of vinyl pyrrolidinones to useful 
azepane derivatives through a simple two-step procedure. The Photo-Fries type reactivity tolerates 
a wide breadth of functionalized architectures for a very modular method towards substituted 
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AN INTRODUCTION TO PHOTOREDOX CATALYSIS 
 
3.1 Background into the Photo-Physics of Common Photocatalysts 
In recent years, the primary focus of photochemical processes for synthesis has shifted towards 
the catalytic generation of reactive species via light-driven processes through the use of exogenous 
or pendent light-harvesting catalysts. Though photoexcitable catalysts such as Rose Bengal and 
Ru(bpy)3Cl2 have been studied for decades,
1,2 a surge of interest in the breadth and functionality 
of these types of catalysts for a diverse array of bond-forming reactions has occurred, in part due 
to the simplicity with which these catalysts can access radical intermediates. The processes that 
govern these sensitizing molecules mirror the excitation pathways described in Chapter One, 
however photoredox catalysts are capable of transferring energy to species that inefficiently absorb 
light themselves. 
Excited state photocatalysts are capable to activating substrates and other catalysts by three major 
paradigms. A photocatalyst can be used to oxidize or reduce a substrate by one electron in a 
photoinduced electron-transfer event (PET) to give a resultant radical cation or radical anion which 
may proceed onto further reactivity. Alternatively, a photocatalyst can transfer energy to a 
substrate via Dexter or Förster energy transfer mechanisms to yield an excited-state substrate. 
Finally, in some cases, particular sensitizers are capable of performing hydrogen atom transfer 
(HAT) on a substrate to provide a neutral radical species. 
 
Scheme 3.1: Possible Modes of Activation of a Substrate by a Photocatalyst 
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There is now a large diversity in the types of structural motifs that have proved particularly 
prominent for synthetic photoredox processes. Two major classes, conjugated organic dyes3 and 
polypyridyl metal complexes,4 have dominated the majority of new synthetic applications of 
photoredox catalysis. Despite the relatively recent expansion of photoredox reactivity, these types 
of catalysts have also been extensively studied in the interest of water-splitting,5 light-emitting 
diodes,6 solar cells,7 and other applications. 
 
Scheme 3.2: Common Photoredox Catalysts 
The octahedral d6 transition metal polypyridyl photocatalysts, particularly those containing 
ruthenium and iridium, have been instrumental in the growth of photoredox’s breadth of reactivity. 
When exposed to visible light, these polypyridyl complexes efficiently absorb a photon which 
excites a non-bonding metal centered electron into a π* orbital of one of the coordinating ligands 
through a metal-to-ligand charge transfer event (MLCT).8 After fast intersystem crossing from 
excited singlet to excited triplet, the long-lived triplet state (~100-1100ns) serves as either an in 
situ oxidant or reductant.9 With judicious choice of other species in solution, the oxidized or 
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reduced photocatalyst is cycled back to the original IrIII complex. This mild redox-neutral approach 
is fundamentally distinct from traditional redox chemistry, which typically requires harsh reducing 
or oxidizing conditions that limit functional group tolerance.10 Commonly, tertiary amines, arenes, 
or disulfides are used as the stoichiometric oxidant or reductant in photoredox catalysis since they 
aptly direct redox behavior while remaining reactively innocent. 
 
Scheme 3.3: Typical Redox Cycle for a Photo-Excited Polypyridyl Metal Complex 
The modularity of the ligands provides a handle for manipulation of the oxidation and reduction 
potentials of the excited state catalyst which can be tailored for the chosen reaction. It has been 
generally shown that the introduction of electron-withdrawing groups can push the catalyst 
towards more oxidizing potentials, whereas the introduction of electron-releasing functionality 
generally allows the catalyst to reach more reducing potentials.11 This is unsurprising, considering 
the change in electron density available on the metal center. However, the range between the two 
potentials generally tends to be relatively constant. In the heteroleptic iridium complexes, the π* 
LUMO has been computationally shown to reside primarily in the bipyridine ligand.12 This means 
that by changing the substituents decorating the bipyridine ligand, the energy levels of the LUMO 
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can be preferentially modified, while substitution on the two phenylpyridine ligands can have 
direct effects on the energy levels of the metal-centered HOMO. 
Unsurprisingly, an important metric in the modulation of photocatalyst redox potentials is directly 
related to this HOMO-LUMO gap. However, there is a direct correlation between the excited-state 
redox potential of a particular photocatalyst and the fluorescence emission of the excited state 
species, both processes of which are indicative of the HOMO-LUMO energy difference. The 
excited state redox potentials can be indirectly calculated through their UV-Vis emission and 
fluorescence data.3 In terms of determining whether a particular substrate or reactive intermediate 
may be oxidized or reduced by a particular photocatalyst, a quenching study, known as a Stern-
Volmer study, can be utilized to show excited-state quenching. During the course of the reaction 
this quenching can be visually observed through the presence or lack of fluorescence from the 
reaction vial. 
 
3.2 The Introduction of Photoredox Catalysis for Synthetic Applications 
Despite the recent renaissance in photoredox catalysis papers in the past ten years, the first 
employments of photoredox catalysts in organic reactions occurred during the 1980s. The first 
uses of these catalysts were generally net reductive processes and used either tertiary amines or 
1,4 dihydropyridines as the stoichiometric source of electrons. One of the first examples of this 
type of strategy was the reduction of electron-deficient olefins by Pac, where a NADH analogue 
was utilized as the stoichiometric H+ and electron donor species.13 Additionally, Tanaka 
demonstrated that by using simple tertiary amines as the stoichiometric reductant, benzylic halides 
could be reduced, inducing a homodimerization event, yielding bibenzyl products.14 Fukuzumi 
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further explored the proteo-dehalogenation of alkyl halides by similarly incorporating a 1,4 
dihydropyridine motif as the stoichiometric reductant and H+ source.15 
 
Scheme 3.4: Early Examples of Reductive Photoredox Pathways 
These reactions progress simply by visible-light irradiation of the photocatalyst, Ru(bpy)3
2+, to 
generate a long-lived excited state, which can oxidize an amine in situ. This reduced-state catalyst 
can then reduce the substrate (either through reduction of the C-Br bond to form an alkyl radical 
or reduction of the alkene to form a radical anion) which can then either be protonated or dimerize 




Scheme 3.5: Catalytic Cycle for the Reductive Dimerization of Benzyl Bromide 
 
3.3 The Resurgence of Photoredox Catalysis 
Following the initial reports of photoredox catalysis in the 80s and early 90s, the field remained 
essentially dormant for nearly two decades. In 2008, Yoon16 and MacMillan17 each published 
reports utilizing Ru(bpy)3
2+ to activate organic compounds for radical reactive pathways, followed 
shortly thereafter by Stephenson in 2009.18 From these initial reports, the field quickly blossomed 
and has arguably restructured the synthetic arsenal by facilitating the ease by which single-electron 
processes are employed and controlled. Though the field is still fairly young, and not without its 
synthetic and engineering drawbacks,19 photoredox catalysis has already been largely embraced 
by the pharmaceutical industry for difficult transformations. 
The renewed interest in photoredox catalysis is indebted to the ease by which radical intermediates 
can be accessed due to the mild and redox-neutral method by which they are generated versus 
other techniques. Additionally, many of these new routes accessed through photoredox processes 
enable C-C or C-heteroatom bond formation, which greatly contributes to their synthetic utility. 
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This is often accomplished by the fact that many of these new approaches utilize both electron 
transfer events of the photoredox cycle to perform different, yet integral, redox events in a given 
catalytic cycle, thus limiting the need for exogenous stoichiometric reductants and oxidants while 
concurrently enabling both redox events within the same flask. 
One synthetically liberating innovation has been the use of photoredox catalysis for the 
functionalization of amines, particularly α to nitrogen. Instead of simply using an amine as the 
sacrificial reductant for the photoredox cycle, the radical cation of the amine can instead be utilized 
in the reaction as a competent coupling partner. Single-electron oxidation of an amine (which is 
accessible with a wide range of photocatalysts at ~1.0 V vs SCE)20 renders the α protons 
considerably more acidic.21 If this species is deprotonated, the resulting nucleophilic α-amino 
radical can be used directly or can be further oxidized to an electrophilic iminium species. This 
tends to be largely a kinetic deprotonation event, as less substituted positions are preferably 
deprotonated in the presence of more thermodynamically stable positions.22 
 
Scheme 3.6: Photocatalytic α-Amino Radical and Iminium Formation 
The nucleophilic radical reactivity has been demonstrated through the functionalization of tertiary 
amines with competent radicalophiles, such as Michael acceptors, imines, and electron deficient 
arenes. Notably, Nishibayashi demonstrated that photoredox-generated α-amino radicals could 
undergo addition to electron-deficient olefins, such as alkylidene malonates.23  After formation of 
the new C-C bond, the resultant alkyl radical can be reduced to turn over the catalytic cycle and 
generate an enolate which is protonated to afford the product. Stephenson demonstrated that this 
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reactivity was scalable, even on complicated pharmacophores, by employing this chemistry en 
route to pharmaceutical target LY27884544.24 Iminium formation has been less utilized; although, 
many common two-electron nucleophiles have been shown to be competent in capturing the 
photoredox-generated iminium species.25 
 
Scheme 3.7: α-Amino Radical Additions to Electron-Deficient Radicalophiles 
 
3.4 Dual Catalyst Systems 
Partnering a photoredox catalyst with another catalyst system has greatly broadened and enhanced 
the scope of transformations accessible to the synthetic repertoire.26 These mergers have allowed 
radical intermediates to become coupling partners with two-electron coupling partners, which 
ultimately yields unprecedented bond disconnections. Additionally, catalysts that were designed 




There are several distinct areas that a photoredox catalyst and a paired catalyst manifold have been 
employed to synergistically provide reactivity and selectivity that is unachievable by either system. 
Hydrogen atom transfer catalysts are radical species that can be transiently generated in the 
presence of a photocatalyst to remove hydrogen atoms from chemically biased locations, 
generating functionalizable carbon radicals, that are inaccessible through alternative pathways. 
Chiral acid catalysis provides an activation mode for organic substrates that allows for oxidation 
or reduction events that were generally not accessible at certain redox potentials while maintaining 
a sphere of selectivity in which radical additions can occur. Organocatalysis delivers reactive 
intermediates generally accessed through enamines, iminiums, carbenes, or other reactive species 
for coupling with radical intermediates. Transition metal catalysis combines the rich diversity of 
reactivity afforded by metal complexes with the availability of radical coupling partners, while 
allowing for single electron oxidation state changes at the metal center that enable previously 
difficult or inaccessible processes. 
 
3.5 Hydrogen Atom Transfer and Proton-Coupled Electron Transfer 
Hydrogen atom transfer events (HAT) have been a particularly well studied area enabled by 
photoredox catalysis. Generally, this involves the generation of a neutral radical or radical cation 
species through a photoredox-mediated oxidation or reduction event. In the presence of a substrate 
with available X-H bonds with lower bond-dissociation energies than that of the formed radical, a 
HAT event occurs, generating a reactive radical species that can proceed to do subsequent 
chemistry. Often this has been utilized for radical cyclizations onto pendent and electron deficient 
radicalophiles or through the direct capture of radicals or radicalophiles in solution. Most 
commonly this has been employed by using a HAT catalyst such as a thiol or geometrically 
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constrained amine which have been oxidized by a photocatalyst to remove hydrogen atoms from 
electronically biased positions or by favoring the weakest C-H bond.3 
Although there are now many notable examples of HAT reactivity generated in conjunction with 
photoredox electron transfer, some interesting applications are highlighted below. MacMillan 
demonstrated that thiol radical-mediated abstraction of hydrogen atoms from benzylic ethers 
creates a stabilized radical species capable of the radical capture of cyanoarenes27 and imines.28 
Rovis29 and Knowles30 have independently shown that a tethered amidyl radical can abstract a 
hydrogen atom in a 1,5 fashion to afford a remote carbon radical capable of trapping α,β-
unsaturated carbonyls. More recently, Alexanian and Nicewicz have modified Alexanian’s HAT 
catalyst system for use with a photoredox catalyst for the remote functionalization of unactivated 
hydrocarbons.31 The amidyl radical abstractor preferentially removes hydrogen atoms from tertiary 
positions to generate a carbon-centered radical capable of trapping radicalophiles. Similar 
abstraction chemistry has also been realized through the use of the decatungstate photocatalyst,32 
which has recently been shown by Schultz at Merck to enable oxidation of unactivated methylenes 




Scheme 3.8: C-H Bond Functionalization Through Photoredox/Hydrogen Atom Transfer 
A particular method by which this HAT reactivity has been accessed is through the use of PCET 
(Proton-Coupled Electron Transfer), which is a fundamental reactivity paradigm of nature34 that 
has seen considerable study by Knowles and others.35 In PCET, a radical species is generated 
through the concerted movement of an electron and a proton. This concerted process avoids the 
high energy intermediates associated with stepwise redox and deprotonation events to directly 
provide the neutral radical species of interest.36 Knowles has utilized this strategy for a number of 
transformative methodologies in which the balanced use of photocatalyst redox potential and 
40 
 
proton donor or acceptor yields a reactive intermediate that is not accessible through either avenue. 
This reactivity has been particularly showcased for ketyl and amidyl radical generation, resulting 
in a myriad of useful transformations.37,38,39 
 
Scheme 3.9: Proton-Coupled Electron Transfer for Generation of Ketyl and Amidyl Radicals 
 
3.6 Photoredox Catalysis and Chiral Acid Catalysis 
It is well-known that the presence of a Lewis or Brønsted acid can dramatically change the 
reactivity of groups bearing lone pairs or π-systems. This can be directly observed through shifts 
in the redox properties40 or emissive and aborptive properties41 of the particular substrates of 
interest. This was observed during Yoon’s work detailing the photoredox-catalyzed [2+2] 
cycloaddition between two tethered aryl enones.16 During this study it was observed that the 
addition of a lithium salt greatly increased the rate and yield of the reaction, presumably by making 
the single-electron reduction event more favorable by decreasing the enone’s reduction potential. 
This finding has spurred a wealth of photoredox-catalyzed cycloaddition reactions by the Yoon 





Scheme 3.10: Enantioselective Lewis Acid Accessed Photoredox Catalysis 
Another approach, championed by Meggers, has been the use of an inner-sphere photoredox 
catalyst as the activating group and chiral template for new bond connections.45 By using an 
iridium, ruthenium, or rhodium catalyst that is coordinatively unsaturated, an activatable substrate 
may bind to the metal center. This generates a substrate-bound catalyst that can then function as a 
photoredox catalyst, as the bound compound shifts the absorption spectrum into the visible range. 
Activation of the substrate by the Lewis acidic metal also renders it accessible for a MLCT event 
directly from the metal center. Though the substrates usable through this strategy are very 
functionally limited and typically require bidentate coordination to the metal center, the concepts 




Scheme 3.11: Chiral-at-Metal Lewis Acid Catalysis for Inner-Sphere Electron Transfer 
 
3.7 Photoredox Catalysis and Organocatalysis 
Over the last few decades, organocatalysis has helped expand the synthetic arsenal while providing 
chiral environments in which new bonds can be forged asymmetrically. Photoredox has helped in 
the expansion of reactivity of well-established systems, rendering new coupling partners for the 
useful bond forming reactions of secondary amine catalysis, umpolung catalysis (inverted 
polarity), and others. 
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The first foray by MacMillan into the field of photoredox catalysis resulted from the integration 
of SOMO (singly-occupied molecular orbital) chemistry of enamine catalysis with that of 
photoredox.17 Through this method, α-functionalization of aldehydes could be realized by 
nucleophilic photoredox-generated radical species in an asymmetric fashion. This was later 
expanded upon to incorporate the iminium-type SOMO systems which allow for the β-
functionalization of aldehydes and ketones with photoredox-generated radical species.49,50 
The Rovis group also demonstrated that photoredox catalysis could be coupled to the reactivity of 
N-heterocyclic carbenes (NHCs) for the asymmetric acylation of tertiary amines.51 Presumably 
this proceeds through two sequential one-electron oxidations of the tertiary amine to generate a 
transient iminium species. This was then coupled with the umpolung reactivity of NHC catalysis, 
where a nucleophilic Breslow intermediate generated from an aldehyde and the free carbene can 




Scheme 3.12: Organocatalysis and Photoredox Strategies for the Functionalization of Carbonyl 
Moieties 
 
3.8 Photoredox Catalysis and Transition Metal Catalysis 
In addition to the integration of photoredox catalysis with traditional two-electron methods for the 
creation of more electron activation modes, photoredox has been coupled to transition metal 
catalysis with substantial success. Unlike other strategies however, usage of a photocatalyst with 
transition metals also incorporates the control of oxidation state at the metal center, which is of 
course crucial to the reactivity of metal catalysts. This type of control can be demonstrated in 
multiple facets, but in general photoredox has been able to facilitate fundamental processes that 




Scheme 3.13: One-Electron Oxidation State Changes Enable Difficult Two-Electron Processes 
In a traditional transition metal catalytic cycle such as the palladium cross couplings (Suzuki-
Miyaura, Stille, Sonogashira, Negishi, etc.), the palladium catalyst undergoes three fundamental 
steps: oxidative addition, transmetallation, and reductive elimination. Catalyst design has helped 
solve difficulties in challenging cross-couplings by aiding and accelerating one or more of these 
processes to increase the efficiency of these steps. It is generally understood that decreasing the 
electron density on the metal center or bulking up the ligand sphere with help facilitate reductive 
elimination, whereas the reverse (increasing electron density and removing steric congestion) 
typically aids in oxidative addition.52 Transmetallation has typically been controlled more through 
modulation of the transmetallating species (B, Mg, Sn, Si, Cu, etc.) rather than the catalytic metal 
center itself.53 
A photocatalyst helps enable the ease by which reductive elimination and oxidative addition can 
occur, while increasing the breadth of suitable coupling partners from preactivated 
transmetallating groups. The one-electron reduction of a bench-stable metal precatalyst by a 
photocatalyst can access a more reactive and generally difficult to synthesize low-valent metal 
center, which is more likely to undergo facile oxidative addition. One-electron oxidation or excited 
state transfer to a metal center bearing two coupling components, alternatively, can generate a 
higher-energy intermediate that can accelerate reductive elimination to forge difficult C-C, C-N, 
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and C-O bonds. Activation of redox active functional handles for the generation of radical 
intermediates as potential coupling partners has broadly diversified the available bond 
disconnections. Fundamentally this means that any suitable group can participate in this “single-
electron transmetallation” and can avoid many of the high-energy intermediates commonly 
invoked for traditional transmetallation.54 Often, following a single-electron transmetallation 
event, the metal is oxidized to a suitably high oxidation state which presumably results in rapid 
reductive elimination. 
 
Scheme 3.14: Photoredox Activation of Inaccessible Transition Metal Reactivity 
Though many transition metals have been paired with a photoredox catalyst, nickel has proven to 
be exceptionally well suited for the merger of transition metal and photoredox catalysis. This is 
due in part to its familial similarity with palladium and its ability to easily access square planar, 
octahedral, and tetrahedral geometries. Additionally, nickel is more likely to access all of its range 
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of possible oxidation states (from 0 to IV), which makes single-electron changes more accessible 
than those for the noble metals.55 Nickel is also particularly well suited for C(sp3) coupling, due to 
the decreased rate of undesired β-hydride elimination, which has plagued palladium cross-coupling 
with alkyl substituents.56 
The first demonstration of nickel metallophotoredox was described simultaneously by Molander57 
and MacMillan and Doyle58 for the coupling of nickel activated aryl halides and photoredox-
activated radical precursors. Molander demonstrated that a tetrafluoroborate salt and an aryl halide 
could be coupled selectively to generate C(sp3)-C(sp2) bonds. MacMillan and Doyle used a similar 
strategy for the coupling of α-amino radicals, generated from the parent amino acid or tertiary 
amine, with aryl halides to similarly furnish benzylic amines. Interestingly, Molander was able to 
show that with the employment of a chiral BOX-type ligand, some enantioselectivity could be 
imparted during the nickel reductive elimination. This finding was later improved through ligand 




Scheme 3.15: Nickel Metallophotoredox Catalysis for the Cross-Coupling of Aryl Bromides and 
Radical Transmetallating Agents 
These reactions probably proceed in similar fashion, in which the low-valent Ni0 precatalyst 
oxidatively inserts into an aryl-halide bond to generate a NiII aryl species. Meanwhile, a 
photoredox catalyst is excited by visible light to form an oxidizing excited state catalyst. Upon 
collision and single-electron transfer (SET) from an oxidizable substrate, the activated substrate 
undergoes decarboxylation or deborylation to generate a radical alkyl intermediate. This radical 
intermediate is captured by the NiII aryl catalyst, generating a transient NiIII intermediate which 
reductively eliminates to generate a new C-C bond and a NiI species. This NiI can then be reduced 
back to Ni0 by the reduced photocatalyst, simultaneously turning over both catalytic cycles. In 
more recent examples, NiII precatalysts are preferred, necessitating a preliminary reduction of the 




Scheme 3.16: General Mechanism for Single-Electron Transmetallation and Cross-Coupling 
with Nickel Metallophotoredox 
The breadth of this cross-coupling strategy has proven very general for the construction of bonds 
between nucleophilic radical precursors and electrophilic nickel species. This has greatly 
broadened the range of accessible bond disconnections, as C(sp3)-C(sp2), C(sp3)-C(sp3), C-O, and 
C-N bond forming reactions have all been described using variations of this general method. The 
range of functional groups which can be activated by SET has aided in the expansion of this field, 
where carboxylic acids,60 oxalates,61 silicates,62 C-H bonds, and others4 have all been judiciously 





Scheme 3.17: Common Coupling Partners Used in Nickel Metallophotoredox Cross-Coupling 
The C-O and C-N coupling reactions demonstrated by the MacMillan and Buchwald groups 
particularly showcase the utility of using photoredox catalysts for these challenging bond 
disconnections.63,64 The use of nickel for challenging C(sp2)-heteroatom bond creation has been 
elusive due to the unfavorable reductive elimination from NiII. This barrier can be overcome 
through single-electron oxidation from the photocatalyst to nickel, generating a NiIII species which 
makes the reductive elimination much more facile. In MacMillan’s work on the coupling of acids 
with C(sp2) centers, it is postulated that this reductive elimination is actually enabled through an 




Scheme 3.18: C(sp3)-Heteroatom Cross-Couplings Enabled Through Photoredox Accelerated 
Reductive Elimination 
The synthetic utility of these cross-couplings is undeniable and can be controlled to 
chemospecifically couple the activatable groups of interest. However, prefunctionalization of 
particular substrates can be tedious or synthetically unknown. In these cases, direct 
functionalization of a C-H bond without prior modification is particularly attractive. An attractive 
approach employs a hydrogen atom transfer (HAT) catalyst to remove hydrogen atoms from a 
substrate of interest to generate alkyl radicals capable of single-electron transmetallation. This 
strategy has been demonstrated by MacMillan for a triunal catalytic system that can abstract a 
hydrogen atom adjacent to heteroatoms or other activated positions and subsequently perform a 
nickel cross-coupling with the resulting alkyl radical.66 Similarly, Doyle67 and Molander68 have 
demonstrated that with sufficient halide present in the reaction, the coupling of ethers and aryl 
halides can be achieved. Though there is disagreement mechanistically how this transformation 




Scheme 3.19: Direct C-H Arylation Using a Hydrogen Atom Transfer Strategy 
Mechanistically, the MacMillan system presumably proceeds similarly to the aforementioned 
catalytic cycle, but with the additional caveat of a third catalyst. After irradiation with visible light, 
the photocatalyst can oxidize the quinuclidine HAT catalyst, generating a radical cation. This 
radical cation can then abstract the most hydridic C-H bond available in the substrate, generating 
a stabilized alkyl radical intermediate. This alkyl radical can then be captured by a low valent 
nickel catalyst, which can oxidatively insert into and alkyl- or aryl-halide bond to generate a NiIII 
species which quickly reductively eliminates to form the final product and a NiI intermediate which 





Scheme 3.20: Potential Mechanism for MacMillan's Tri-Catalytic C-H Arylation 
Other transition metal catalysts that have drawn significant interest for photoredox-coupled 
reactivity include but are not limited to palladium, copper, and gold.4 Palladium has shown to be 
compatible with photocatalysts primarily for C-H activation and reductive coupling reactions. 
Copper has shown promise through usage in trifluoromethylation, Chan-Lam and Ullman 
couplings, and amination of primary amines. Additionally, gold has been utilized for the 









Photoredox catalysis is a daily evolving tool that has helped redefine the methods by which radical 
intermediates can be accessed and harnessed. The new bond disconnections available to the synthetic 
repertoire from these methods are simplifying the routes necessary to access complicated intermediates. 
The ease and benign reaction conditions that photoredox effectively accomplishes these transformations 
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A PHOTOREDOX AND COBALT CATALYTIC SYSTEM FOR THE 
HYDROAMINOALKYLATION OF CONJUGATED DIENES1 
 
 
4.1 Past Rovis Group Exploits in Group Nine Catalysis 
The Rovis group has been heavily involved in the field of rhodium catalysis for over a decade.2 
During that time, the focus has shifted from catalysis originating with Rh(I) precatalysts stabilized 
by phosphine and phosphoramidite ligands to reactivity dictated by cyclopentadienyl (Cp) Rh(III) 
catalysts. Much of this work has focused on selectively dictating reaction pathways by tailoring 
the reactivity of rhodium through control of the ligand environment. The Rh(I) projects were  
 
Scheme 4.1: Previous Rhodium Chemistry Explored by the Rovis Group 
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largely focused on desymmetrization of anhydrides or control of multicomponent [2+2+2] 
cycloadditions, while Rh(III) has largely focused on directed C-H activation pathways modulated 
by judicious choice of the Cp ligand (Scheme 4.1).3,4,5 
 
4.2 Activating Cobalt with Photoredox Catalysis 
Having drawn inspiration from previous Rh(I) studies performed in the Rovis group, a former 
coworker, Kyle Ruhl, looked towards cobalt in order to access one-electron reactivity that was 
inaccessible through the typical Rh(I), Rh(II), or Rh(III) catalytic cycles. This was in part driven 
by the relative abundance of cobalt compared to its familial noble metal counterparts, rhodium and 
iridium. This strategy seemed particularly feasible since cobalt has a predilection for single-
electron reactivity and has accessible oxidation states from -I to III (Scheme 4.2). In fact, much of 
the study of cobalt catalysis traditionally has been to help cobalt behave in two-electron manifolds 
and mitigate deleterious radical side reactions.6 
 
Scheme 4.2: Cobalt as a First Row Surrogate for Rhodium 
A potentially attractive method Ruhl identified was accessing the single-electron chemistry of 
cobalt through the pairing of cobalt catalysis with a photoredox catalyst. At the genesis of this 
project, the successful union between nickel and photoredox catalysis had yet to be demonstrated, 
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but there were several other examples that implied this type of strategy would be fruitful for single-
electron oxidation-state modification of a transition metal,7 including with the privileged cobalt 
complex, cobaloxime.8,9 This seemed particularly attractive for cobalt, since much of the known 
reductive chemistry of cobalt is presumably accomplished from the Co(I) or Co(0) oxidation 
state.10 Co(I) and Co(0) precatalysts for low-valent reductive chemistry are typically difficult to 
synthesize or suffer from low bench-stability. Many strategies have avoided this difficulty by an 
in situ reduction of bench-stable Co(II) precatalysts with stoichiometric metals or Grignard 
reagents. However, the pairing of these reduction strategies significantly decreases the available 
functional group tolerance and increases the waste generated from these methods. With photoredox 
catalysis these problems could be avoided, while potentially enabling new reactivity inaccessible 
with either system. 
Due to the group’s familiarity with [2+2+2] cycloadditions with Rh(I) and the rich history of Co(I) 
performing similar [2+2+2] trimerization of alkynes, this reactivity seemed like an optimal gauge 
to determine whether this merger would prove successful. Using a sub-stoichiometric amount of 
tertiary amine as the terminal reductant for precatalyst activation, Kyle was able to demonstrate 
that low-valent cobalt reactivity could be accessed through reduction by a photoredox catalyst.11 
This project blossomed due to the high degree of spatial and temporal control that the photoredox 
catalyst provided the reaction, which proved useful not only for small molecule synthesis, but also 
for a variety of potential materials applications such as spatially resolved surface modification and 





Scheme 4.3: Light-Gated Cobalt and Photoredox Catalyzed [2+2+2] Cycloaddition 
While this project continued, mostly for materials applications and through the interesting 
mechanistic facets that arose, the synthetic use of this reactivity for small molecule synthesis 
warranted further study. We joined this project in hopes of furthering the utility of the photoredox 
and cobalt synthetic merger, particularly for the incorporation of nitrogen-containing 





4.3 Early Attempts at a Formal [4+3] Cycloaddition 
We explored potential reactivity of cobalt that could incorporate α-amino radical coupling partners 
to generate useful nitrogen-containing functionality. Cobalt shows a particularly strong 
predilection for π-systems, including showing a rich diversity of reactivity with dienes.13 We took 
particular inspiration from work by Dong, which describes the hydroacylation of dienes using a 
low-valent cobalt catalyst generated by in situ reduction by indium (Scheme 4.4).14 We envisioned 
that if we could replace the acyl functionality with that of an α-amino radical or iminium generated 
through photoredox catalysis, we could potentially access five- or seven-membered nitrogen-
containing heterocycles through capture of the Co-allyl intermediate generated by migratory 
insertion of the -amino Co–C bond to the diene. This would be an alternative method by which 
pyrrolidines or azepanes could be stitched together using two simple building blocks. 
 
Scheme 4.4: Intended Reactivity Inspired by Hydroacylation of Dienes 
Utilizing N,N-dimethylaniline and isoprene as the two coupling fragments, we screened a variety 
of conditions inspired by the work of Dong and coworkers in hopes of detecting the intended 
product. In the presence of the precatalysts Co(OAc)2 or Co(dppp)Br2, a trace amount of product 
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was observed by LCMS with a mass corresponding to the desired coupling product. Due to the 
common need for exogenous base for the generation of the α-amino radical by deprotonation of 
the amine radical cation, base was added in order to potentially push the reaction further. 
Gratifyingly, significant product was observed while using KOAc with Co(dppp)Br2. However, 
instead of the intended cyclic product, the reaction yielded a mixture of the mono- and di-alkylated 
homoallylic amine (Scheme 4.5). Although further efforts were unable to yield any of the cyclized 
targets, we deemed this hydroaminoalkylation product was an interesting result to explore and 
optimize. 
 
Scheme 4.5: Initial Screens and First Observance of Hydroaminoalkylation 
 
4.3 Hydroaminoalkylation of Alkenes and Dienes 
The hydroaminoalkylation of alkenes is an important route to efficiently access aliphatic amines 
from simple starting materials. Traditionally this has been achieved through use of a precious metal 
catalyst through a two-step hydroformylation/reductive amination pathway which often exhibits 
difficulties in regio- and diastereoselectivity.15 However, new methods which aim at formally 
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adding a C-H bond across a double bond in a single catalytic step have emerged as potential 
alternatives to the traditional approach. Early transition metals, such as titanium and tantalum, 
have shown significant promise in directly adding an alkylamine across π unsaturations. Hartwig,16 
Doye,17 and Schafer18 have explored the reactivity of these early transition metal complexes for a 
variety of linear and branched alkene functionalization (Scheme 4.6). Doye has applied this 
chemistry to dienes with modest success but limited control over regioselectivity.19 Currently these 
strategies struggle with poor functional group tolerance, scope, and extremely forcing reaction 
conditions. 
 
Scheme 4.6: Hydroaminoalkylation of Alkenes and Dienes Using Early Transition Metals 
Alternatively to this method, Krische has developed transfer hydrogenation conditions for the 
hydroaminomethylation of dienes.20 This strategy relies on the cracking of a triazine amine 
component in conjunction with the ruthenium catalyzed C-C bond forming event to forge a new 
homoallylic amine moiety. 
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As discussed in Chapter Three, photoredox catalysis has simplified access to nucleophilic α-amino 
radicals for synthetic methods. This has included the addition of α-amino radicals to activated 
alkenes in what would be a formal hydroaminoalkylation of the olefinic coupling partner. 
Nishibayashi has demonstrated that these α-amino radicals can capture very electron-deficient 
olefins such as alkylidene malonates, but in the presence of simple acrylates, this process leads to 
lower yields (Scheme 4.7).21 Li22 and MacMillan23 have improved upon this strategy, but still rely 
on highly reactive alkenes to achieve good yields.  
 
Scheme 4.7: Hydroaminoalkylation of Electron-Deficient Alkenes Using Photoredox Catalysis 
 
4.4 Optimization and Control Studies 
After the initial screens of the hydroaminoalkylation reactivity proved fruitful, we shifted our 
attention to the optimization of the reaction. Over-alkylation of the amine was a significant 
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challenge observed in the original discovery, occurring because of the excess of the diene in 
solution. By increasing the equivalents of amine and making the diene the limiting reagent, this 
problem was mostly resolved. Further optimization proved that longer reaction times, addition of 
cesium pivalate as base, and a change in solvent all improved efficiency (Scheme 4.8). 
 
Scheme 4.8: Optimization of the Initial Hit 
Control studies indicated that cobalt, light, and the photocatalyst were all necessary for the reaction 
to proceed (Scheme 4.9). It should be noted that electron deficient dienes, such as ethyl sorbate, 
show modest background reactivity in the absence of CoBr2
 (~10% yield) while electron-neutral 
or electron-rich dienes show trace or no background reactivity. Product yield also significantly 





Scheme 4.9: Control Studies 
The method also shows good fidelity with respect to alternating periods of irradiation and darkness, 
showing similar temporal control as our previous photoredox and cobalt system (Scheme 4.10). 
The initial reaction rates seem to be dependent on the photocatalyst employed, with more reducing 
photocatalysts such as Ir(ppy)2(dtbbpy)PF6 showing higher initial rates of reactivity. However, the 
optimized catalyst, Ir(dF-CF3ppy)2(dtbbpy)PF6 is used due to higher yields from increased 
longevity. This also indicates that this system is not subject to a radical-chain mechanism, but 
rather requires at least one photon for every turnover of the catalytic cycle.24 This was further 
corroborated by determination of the quantum yield of the reaction, which was measured to be 4%, 











Scheme 4.10: Yield Dependence on Irradiation with Light 
 
4.5 Scope of the Hydroaminoalkylation of Conjugated Dienes 
With our optimized reaction conditions in hand, we proceeded to develop the scope of the amine 
coupling partner (Scheme 4.11). In most cases, products originating from a sorbate moiety show 
good fidelity for the (E)-alkene. Symmetrical dimethylanilines work particularly well in the 
reaction, including those bearing handles for further reactivity such as aryl bromides, 6g, or 
terminal alkynes, 6f. The terminal alkyne was particularly interesting, given its preference for 
alkyne trimerization in Ruhl’s previous studies.11 Secondary positions can also be effectively 
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coupled, however with limited control over diastereoselectivity of the two adjacent stereocenters. 
There seems to be some control dictated by the substrate, as 6h shows modest 8:1 dr. Efforts to 
change the ligand environment to further control diastereoselectivity of the reaction have thus far 
proven unsuccessful. Fully aliphatic amines also participate in the reaction, with reactivity 
preference for primary positions over secondary and tertiary positions (6l, 6m, 6n). 
 
Scheme 4.11: Scope of Tertiary Amines 
Other amines also exhibit modest reactivity, although they were not pursued due to lower yields 
or difficulty of purification. Several other examples of amines that did not participate in the 
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reaction are noted below (Scheme 4.12). Most notably, aliphatic amines without primary α-
positions are typically low yielding and are often difficult to isolate. Secondary and protected 
secondary amines do not participate in this reaction. Additionally, amines bearing pyridines were 
typically low yielding, potentially due to unfavorable coordination to the cobalt center.  
 
Scheme 4.12: Select Extended Amine Scope 
The scope of the conjugated diene coupling partner was also explored (Scheme 4.13). Simple 
dienes, such as butadiene and isoprene participate well in the reaction, albeit with lower fidelity 
for the (E)-alkene (5a, 5b). Other electron deficient dienes as well as phenyl-substituted butadienes 
are also competent coupling partners. Typically, electron rich dienes show reduced reactivity; 
however 5d, originating from a silyl enol ether, does show good yield after deprotection during 
work up. More complex dienes, such as pseudoionone, myrcene, and piperine also participate in 
the reaction with modest yields (5k, 5l, 5m, respectively). Interestingly, the product obtained from 




Scheme 4.13: Scope of Conjugated Dienes 
There were additional dienes that showed promising reactivity, but ultimately could not be fully 
optimized (Scheme 4.14). Electron-rich dienes such as 2c and 2j are generally low yielding as are 
more sterically encumbered dienes such as 2f and 2g. Efforts to incorporate cyclic dienes and non-
conjugated dienes, 2d and 2e, also generally showed marginal to no reactivity. Interestingly, the 
azabutadiene, 2h, showed good reactivity, but the product decomposed during purification 




Scheme 4.14: Select Other Dienes Screened 
 
4.6 Mechanistic Insights 
Mechanistically, we initially considered that activation of a diene by a low-valent cobalt species 
would render the diene more susceptible to radical attack from an α-amino radical species. 
However, there were several features that arose during optimization of the reaction that did not fit 
this potential pathway. Specifically, there was an important dependence on the presence of a 
carboxylate base in solution on the outcome of the reaction (Table 4.15). All of the initial reactivity 
was observed while using an acetate base, but this was later optimized to the more soluble cesium 
pivalate in a catalytic amount. However, all other common base classes screened showed no or 
trace reactivity. When a precomplexed precatalyst baring two pivalates was utilized in lieu of 




Scheme 4.15: Carboxylate Base Dependence 
In order to further elucidate the importance of these carboxylate bases to the reaction mechanism, 
cyclic voltammetry (CV) studies were performed on the cobalt precatalyst in the presence of both 
a butadiene and pivalic or trifluoroacetic acid (Scheme 4.16). The precatalyst itself shows a strong 
reduction peak at -0.67 V vs Ag+/AgCl with a reoxidation curve at -0.09 V. This shows significant 
stabilization by the bis(phoshine) ligand, as the achievable redox potential is easier to access with 
the ligated phosphine. The precomplexed catalyst bearing two pivalates additionally shows more 
of pseudo-reversible electrochemical event, which could demonstrate its particular ability to cycle 
effectively in this system. In the presence of a carboxylic acid or diene, there is limited change in 
the actual electrochemical events of Co(dppp)Br2; when both are added consecutively, however, 





Scheme 4.16: Cyclic Voltammograms of Cobalt Precatalysts in Presence of Reactive Partners 
What this could potentially indicate is that the Co(I) generated by the electrode is irreversibly 
forming a complex with both butadiene and acid present, generating a cobalt species that is unable 
to be reoxidized by the electrode. We presume that this possible pathway indicates that a Co(III)-
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allyl species may be operative under these conditions.25,26 To further access whether or not an allyl 
species might be present under the reaction conditions, we removed the amine coupling partner 
and replaced it with trimethoxybenzene, which can serve as the radical quench (Scheme 4.17). In 
order to simulate the small amount of acid generated during the reaction, 20 mole percent of acetic 
or deutero-acetic acid was also added to the reaction. What was observed was the formation of 
several dimerization isomers of the ethyl sorbate substrate. While several of these products are 
undoubtedly purely photoredox-catalyzed,27,28 a tail-to-tail dimer (Product B) observed under the 
reaction conditions seems dependent on the available protons and cobalt in situ. This product is 
also often observed under the standard reaction conditions, especially in the presence of more 
sluggish amines. Under deuteration conditions, the isotope is found at both positions α to the 
carbonyls. We believe that this product is the result of a cobalt-allyl species, generated from one 
equivalent of diene, adding to another equivalent in a 1-6 fashion. Kambe sees similar Co(III)-





Scheme 4.17: Mechanistic Implications of Allyl Reactivity 
Altogether, these observations can be illustrated through a potential mechanism described by the 
cycle illustrated by Scheme 4.18. First, the Co(II) precatalyst can be reduced by the photocatalyst 
to enter the catalytic cycle. Simultaneously, the photocatalyst, after excitation with visible light, 
can oxidize an amine to the radical cation. This amine can be deprotonated by the carboxylate base 
to generate an α-amino radical and a carboxylic acid. This carboxylic acid can intercept the low-
valent Co(I) to reversibly generate a transient Co(III) hydride species, II. A diene can then undergo 
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migratory insertion into the Co-H bond to form a Co(III)-allyl, III, which is supported by previous 
studies that invoke the formation of Co(III)-allyl species from dienes and a Co(III)-H.30,31 This 
Co(III)-allyl can then be reduced by the reduced-state catalyst to the corresponding Co(II)-allyl 
species, IV. This Co(II)-allyl intermediate can be intercepted by the transiently-formed α-amino 
radical through radical attack onto the metal center, V, followed by reductive elimination to yield 
the final product and liberating Co(I) back into the catalytic cycle. Alternatively, the α-amino 
radical can attack the allyl ligand directly, forming a cobalt-bound product, VI, that can dissociate, 
releasing Co(I) back into the catalytic cycle. 
 




4.7 Future Allylation Chemistry Using the Established System 
After conclusion of this study, several extensions of the reactivity were explored in order to 
improve the utility of this reaction. An interesting side reaction exhibited by substrate 2k showed 
that allylation of an α-amino radical should be possible under similar conditions, 7 (Scheme 4.19). 
Using the same reaction conditions we found trace yield for the allylation of N,N-dimethylaniline 
with allyl acetate. Additionally, an unexpected cyclic side product was also isolated which is 
formally a [4+2] cycloaddition, forging two new C-C bonds (10). Though this product seems to 
be photoredox and Lewis acid catalyzed, it shows interesting promise as untapped reactivity of 
these aniline systems. These products have been handed off to a talented younger student, Sean 
Treacy, for further study with promising results. 
 





4.8 Summary  
Herein, we have developed a photoredox and cobalt catalytic system for the hydroaminoalkylation 
on conjugated dienes. The reaction was applied to a wide range of substrates, demonstrating good 
yields and typically good control of the resulting alkene geometry. We believe this reactivity 
proceeds through the capture of a cobalt-allyl species by an α-amino radical to forge the key C-C 
bond, due to some interesting mechanistic effects including the necessity for a carboxylate base. 
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EFFORTS TOWARDS THE SYNTHESIS OF SIMPLE AMINES 
THROUGH PHOTOREDOX-ENABLED METAL NITRENES 
 
 
5.1 Nitrogen Fixation 
Nitrogen fixation, or the formation of ammonia and other nitrogen-containing compounds directly 
from dinitrogen gas (N2) is an essential process for life, as it provides the basic building blocks for 
the biosynthesis of many nitrogen-containing compounds in plants as part of the nitrogen cycle. 
The nitrogenase enzyme found in plants possesses an interesting iron and molybdenum sulfur 
cluster which is implied as the active site for the biological fixation of nitrogen.1 Although the 
mechanism by which this cofactor proceeds is still not fully understood, a route which includes 
metal N2 coordination and stepwise protonation and reduction events is likely operative.  
 
Scheme 5.1: Biological Nitrogen Fixation 
Industrially, nitrogen fixation is achieved through the Haber-Bosch process, where high pressures 
of N2 and H2 at extremely elevated temperatures are passed across a metal catalyst (typically iron) 
to produce ammonia at a rate of about 160 million metric tons per year.2,3 The Haber-Bosch process 
is quite possibly the greatest feat of chemical catalysis, as the ammonia produced by this method 
has quadrupled the output and productivity of agricultural land4 and nearly half of the nitrogen 
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atoms present in human tissue originated from this process.5 However, the process consumes 
roughly 1-2% of the world’s annual energy supply and produces more than 300 million metric tons 
of carbon dioxide annually.6 
 
Scheme 5.2: The Haber-Bosch Process 
 
5.2 Metal Nitrene Catalysts for Nitrogen Fixation and Amination 
The immense energy constraints of the Haber-Bosch process have inspired the reevaluation of 
biological-templated catalysts as nitrogen fixation replacements, as the biological nitrogenase 
catalyst is highly efficient at ambient temperatures and pressures. This has led to a surge in 
homogenous, small-molecule catalyst design for efficient nitrogen fixation. Additionally, the 
interesting properties for some of these transition metal catalysts and the corresponding nitrenoid 
intermediates has led to well-designed catalytic systems which exhibit radical amination reactivity. 
The first catalytic production of ammonia using a homogenous catalyst at room temperature was 
demonstrated by Schrock in 2003 (Scheme 5.3), where a low-valent molybdenum catalyst under 
strongly acidic and reducing conditions was able to produce eight equivalents of ammonia (or four 
turnovers).7 Nishibayashi has been quite active in this field, demonstrating that low valent Mo, Fe, 
and Co catalysts bearing tridentate pincer PNP-type ligands are particularly well suited for this 
reactivity.8 Additionally, Nishibayashi has shown that simple, low-valent iron catalysts, such as 
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iron carbonyl and ferrocene are capable of catalytically generating the ammonia storage mimic, 
N(SiMe3)3, under strongly reducing conditions.
9 Ashley has also demonstrated good levels of 
turnover to hydrazine, through use of a phosphine-ligated iron catalyst.10 Interestingly, for all of 
these systems, there likely exists a bimetallic push-pull effect in which the metal is donating 
electron density while an acid species or another catalyst activates the bound nitrogen.11 
 
Scheme 5.3: Routes Towards Nitrogen Fixation by Homogeneous Catalysis 
High-spin iron catalysts and cobalt catalysts, inspired by natural cofactors such as the FeMo 
nitrogenase enzyme and the di-iron diamond core monooxygenase enzyme, compound Q,12 have 
also been utilized for nitrene transfer-type mechanisms. Betley has explored the construction of 
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these high-spin catalysts and the unique reactivity they provide.13,14 Specifically, the iron nitrene 
moiety has been shown to exhibit substantial spin density (radical character) on the nitrogen ligand. 
This allows the nitrogen atom to react as a nucleophilic radical species and likely proceeds through 
a radical-rebound type pathway, in which the nitrogen can undergo 1,5 HAT chemistry followed 
by rapid radical capture of the resultant alkyl radical by the Fe-N bond. Betley has showcased this 
reactivity with the catalytic formation of pyrrolidines from aliphatic azides (Scheme 5.4).15 
 
Scheme 5.4: Iron-Nitrene Reactivity Through a Radical Rebound Mechanism 
Due to the forcing reducing conditions and high-energy precatalysts necessary for this nitrene 
reactivity to be utilized, photoredox catalysis appeared to be a potential method by which these 
pathways may be benignly activated. For nitrogen fixation, a photocatalyst can provide strongly 
reducing conditions without extreme excesses of reducing metals. Additionally it can potentially 
provide it can potentially also provide hydrogen atoms or alkyl radicals that can aid in high energy 
intermediate stepwise protonations and reductions. Photoredox catalysis may also provide 
different modes of reactivity for high-spin metal nitrene compounds, as they are inherently radical 





5.3 Efforts Towards the Decarboxylative Amination of Carboxylic Acids to Forge 
Secondary Amines 
We believe that it would be possible that the radical spin density displayed on the nitrogen atom 
by high-spin iron catalysts such as those reported by Betley would be capable of reacting with 
other exogenous radicals in solution. Therefore, in the presence of an alkyl radical generated in 
solution by a photoredox catalyst, the radical character on the nitrogen atom can be captured to 
forge a new C-N bond, which can disassociate to selectively provide a secondary amine from a 
primary amine. Additionally, the photocatalyst could aid the formation of the metal nitrene species 
through single electron oxidation. Once it was determined that this would provide a feasible 
pathway, we sought to develop this method. 
 
Scheme 5.5: Proposed Decarboxylation of Amines 
The transformation we chose to pursue using this chemistry that would effectively utilize both 
catalytic systems in tandem, would be the decarboxylative amination of a carboxylic acid with a 
primary amine under oxidizing photocatalytic conditions. Since the intended reaction is net 
oxidative, stoichiometric oxidant would most likely be necessary. A proposed mechanism for this 
intended reactivity is provided below (Scheme 5.6). First, complexation of a high-spin Fe(III) 
precatalyst would generate a Fe(III)-amino species, I. This species could then be oxidized by an 
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excited state photocatalyst to afford the high-spin Fe(IV)-amino species, II, which could be 
deprotonated to afford the Fe(III)-nitrene, III. These nitrene species have been shown to contain 
high-levels of spin density in the nitrogen ligand and therefore can combine with a radical in 
solution, generated through oxidative decarboxylation of a carboxylate by the photocatalyst. The 
bound secondary amine could then be selectively replaced by excess primary amine in solution, 
turning over the catalytic cycle. 
 
Scheme 5.6: Potential Mechanism 
After several failed attempts of various reaction conditions, we decided to interrogate our proposal 
via high-throughput experimentation (HTE) manifold to quickly screen a broad diversity of 
reaction conditions simultaneously. A particular screen of ligands versus bases proved to be 
particularly interesting, where the masses of both the intended decarboxylative amination product 
and an interesting amidation product were detected. After scale-up, the reaction proved to work in 




Scheme 5.7: HTE Decarboxylation Amination Probe 
In order to accelerate the rate of decarboxylation, an electron rich benzylic carboxylic acid was 
screened and provided excellent yield of an imine product, 6, however with the caveat that this 
reactivity was not proceeding by our intended mechanism, but simply by a further oxidation of the 
substrate. Simple capture of the cationic species by the amine, followed by further oxidation to the 




Scheme 5.8: Background Amination Under Oxidizing Photoredox Conditions 
By backtracking to an unactivated carboxylic acid, we were still able to observe some modest 
reactivity with one of the conditions provided by our HTE. Through further manipulation of the 
reaction conditions, we were able to slightly increase this yield to 22% with changes to the base, 
precatalyst, photocatalyst, and solvent system. However, there were several issues with 
reproducibility as the reaction was particularly sensitive to heat and usually would only proceed 




Scheme 5.9: Optimization of the Reaction Conditions 
Unfortunately, while pursuing this chemistry, similar reactivity developed by the Fu and Peters 
lab was unveiled,16,17 providing a competitive C-N bond forming event between amines and alkyl 
halides (Scheme 5.10). In this system, the copper catalyst is directly excited by visible light to 
provide an excited state catalyst which furnishes the C-N bond through reductive elimination. Due 
to the struggles encountered with our system and the disclosure of this similar reactivity to what 




Scheme 5.10: Fu and Peters System for Dehalogenative Amination 
 
5.4 Efforts Towards Photoredox-Enabled Nitrogen Fixation 
Concurrent with our efforts towards decarboxylative amination, we explored the feasibility of 
using a dual catalytic system for nitrogen fixation. Besides providing the system with electrons as 
a substitute of the extreme stoichiometric reducing metals, we saw an opportunity to access 
primary amines through capture of the metal-coordinated dinitrogen species by alkyl radicals 
generated by a photoredox catalyst. Since the standard reduction of N2 requires six equivalents of 
electrons and six equivalents of protons, the use of an alkyl radical would greatly reduce the 
amount of necessary reactive components, as simply three equivalents of substrate could provide 
all of the electrons needed for the reduction as well as all of the reactive components to yield a 
primary amine and a secondary amine. Two equivalents of substrate would require only two 




Scheme 5.11: Proposed Nitrogen Fixation Route 
We began our studies through use of the strongly reducing photocatalyst Ir(ppy)3 and a sacrificial 
electron donor, trimethoxybenzene, in conjunction with known nitrogen fixation catalysts under 
strongly acidic conditions and an atmosphere of nitrogen (Scheme 12). Since it is relatively 
challenging to determine whether hydrazine or ammonia is actually produced without specialized 
GC methods and equipment, we also developed a work-up protocol using a cyclic anhydride that 
should capture any resultant ammonia or surrogates. For some catalysts, such as Fe(CO)5 ligated 
by a bipyridine ligand, trace amount of the ring opened amide, 13, could be detected. 
Unfortunately, the yield remained at less than one turnover of catalyst and further optimization 
attempts yielded no increase in the observed nitrogen fixation yield. While screening these 
conditions, a trace amount of the trimethoxybenzene-captured product, 11, was transiently 
observed, though efforts to isolate this product were fruitless. It did however indicate that the 
oxidized aryl species may be able to capture the metal-bound dinitrogen, proving that the intended 




Scheme 5.12: Nitrogen Fixation Screens 
However, efforts to intercept the intermediate through other carbon radical sources has remained 
elusive. A wide variety of radical coupling partners which could capture the metal ligated N2 were 
screened with no observable conversion to a nitrogen containing product (Scheme 5.13). 
Unfortunately, for the conditions screened, the formation of an alkyl radical and ligation and 
reduction of dinitrogen seem to be incompatible in the same reaction flask. Dinitrogen already 
suffers from being a poor ligand, such that the use of any other species (including solvent) that 
shows any affinity of the metal catalyst probably limits turnover of the reaction. Any generation 
of a carbon-centered radical is probably sufficient to displace coordinated dinitrogen. Further 
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studies will aim at addressing these incompatibilities to hopefully demonstrate the desired 
reactivity. 
 
Scheme 5.14: Attempts with Other Radical Traps 
 
5.5 Summary 
Metal nitrene species, generated from dinitrogen or another amine precursor, present an intriguing 
reactivity paradigm which probably has not yet been fully elucidated. In order to efficiently access 
and trap these nitrene intermediates, we utilized photoredox catalysis to generate radical carbon 
radicals which could potentially trap the nitrenoid species for the creation of new C-N bonds. We 
have modest levels of success as a proof of concept that the routes might be feasible, however 
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REMOTE UNACTIVATED SP3 C-H CROSS-COUPLING THROUGH 
A PHOTOREDOX AND NICKEL CATALYTIC SYSTEM 
 
 
6.1 Unactivated sp3 C-H Functionalization  
The functionalization of sp3 C-H bonds is an intriguing challenge and the potential Holy Grail of 
the synthetic organic toolbox. The ability to efficiently and specifically manipulate functionality 
anywhere on a molecule of interest without the need for pre-existing reactive moieties would 
greatly expedite and simplify potential synthetic routes and would be particularly appealing for 
late-stage functionalization. The ubiquity of C-H bonds decorating organic molecules not only 
presents itself as a potential handle of reactivity but also poses a considerable selectivity challenge, 
as the difference in reactivity of these bonds can be marginal to seemingly indistinguishable. 
 
Scheme 6.1: Selectivity Difficulties in the Functionalization of C-H bonds 
One of the fundamental challenges in the functionalization of C-H bonds is the high activation 
barrier to reactivity due the strong C-H bond strength. Generally, bond dissociation energies 
(BDEs) of unactivated sp3 C-H bonds are significantly lower than those of sp2 C-H bonds. This 
implies that alkyl sp3 C-H bonds are easier to activate than sp2 C-H bonds; however, sp3 C-H 
functionalization remains considerably more challenging. This is primarily due to the method by 
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which most C-H activations have been achieved, which is through the use of a transition metal 
catalyst. The metal-carbon bond strengths of most metals mirror those of the C-H bond strengths 
and therefore favor activation at Csp2 sites over Csp3 sites (Scheme 6.2).1,2,3 Additionally, pre-
coordination of the π-system of Csp2 sites helps to facilitate transition metal insertion by lowering 
the entropic barrier associated with complexation.4 
 
Scheme 6.2: Relative Bond Strengths Between Csp2 and Csp3 C-H and C-Metal Bonds 
One method by which the selectivity and reactivity problems associated with C-H activation can 
be mitigated is through the use of a pendent directing group. Directing groups help orient metal 
catalysts in proximity of the desired C-H bond, which aids in determination of selectivity. The 
directing group can also reduce the high energy barrier by reducing the entropic energy cost of 
initializing the interaction of a strong C-H bond with that of the metal center.5 Alternatively, the 
difficulties in sp3 C-H functionalization can be avoided through the use of hydrogen abstraction, 
which favors C-H bonds with the weakest BDEs or those where the resultant radical is 
electronically stabilized by an adjacent heteroatom or π-system. If the HAT catalyst can be 
spatially directed by a pendant directing group to a target C-H bond, abstraction from a specific 




Scheme 6.3: Csp3 C-H Regioselectivity through use of a Directing Group 
6.2 Photoredox-Enabled Hydrogen Atom Abstraction for Remote Functionalization 
A former group member, John Chu, recently detailed the ability of an amidyl radical, generated 
through oxidation by a photoredox catalyst, to selectively abstract a methyne or methylene 
hydrogen atom δ to the amide, reminiscent of the Hofmann-Löffler-Freytag reaction (Scheme 
6.4).6 The resultant alkyl radical could then add to a competent radicalophile (e.g. acrylate) to 
furnish a δ-functionalized aliphatic amine. Concurrently, the Knowles group reported a similar 
system to achieve the same reactivity.7 This strategy showcased the ability to chemoselectively 
mono-functionalize an unactivated, distal methyne or methylene in the presence of other 
electronically activated or sterically accessible positions. 
 
Scheme 6.4: Photoredox-Enabled Amidyl Radical 1,5 HAT δ-Functionalization 
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The difference in these approaches was the method by which the amide radical was generated by 
the photocatalyst. Chu’s system (baring a more acidifying trifluoroacetamide group) likely 
proceeds through a step-wise mechanism in which the amide is first deprotonated and then 
oxidized by the photocatalyst (Scheme 6.5). Alternatively, the Knowles system probably proceeds 
through a concerted proton-coupled electron transfer-type mechanism (PCET) in which the 
weakened N-H bond is oxidized by the photocatalyst. Nevertheless, both methods achieved the C-
C bond forming event at a specific remote C-H bond, which had never previously been achieved 
by Hofmann-Löffler-Freytag-type strategies.  
 
Scheme 6.5: Differing Strategies by which the Amidyl Radical is Generated 
Further study in the Rovis group has manipulated this effort to afford the γ-functionalization of 
amides8 as well as study the breadth of radical coupling partners with which the remote alkyl 
radical can be captured (Scheme 6.6).9 Other directing group strategies, such as those 
demonstrated by Leonori,10 have widened the breadth of radicalophiles that can be used to modify 
these distal carbon radicals. Undirected or electronically directed approaches have also been 




Scheme 6.6: Other Photoredox-Generated Nitrogen Radical 1,5 HAT Strategies 
 
6.3 Efforts to Trap Remote Alkyl Radicals with Nickel Catalysts 
Inspired by the ability to specifically functionalize unactivated remote C-H bonds through this 
photoredox method, we sought to couple this reactivity with that of metal catalysts to form new 
C-C bonds at remote sp3 C-H locations on aliphatic amines (Scheme 6.7). Due to the well-known 
ability of photoredox-generated alkyl radicals to undergo single-electron transmetallation with 
nickel catalysts, we hypothesized that a nickel-catalyzed cross-coupling would demonstrate a 





Scheme 6.7: Proposed Method for the Regioselective Functionalization of Unactivated sp3 C-H 
Bonds 
To probe whether a union between 1,5 photoredox HAT reactivity and nickel cross-coupling could 
proceed, we introduced the trifluoroacetamide-protected aliphatic amines to standard nickel cross-
coupling procedures demonstrated within the field. Notably, we chose to screen the acylation 
chemistry using symmetric anhydrides, first demonstrated by Doyle,11 and later expanded by our 
coworker Erin Stache.12 Additionally, we screened aryl bromides, which have regularly been 
demonstrated as a competent coupling partner for nickel metallophotoredox strategies. Using the 
parent substrate explored by our prior 1,5 study, 1a, we found that there was no reactivity using 
either acetic anhydride or para-fluorobromobenzene, However, slight reactivity was observed in 





Scheme 6.8: Early Reactivity Screens 
Despite the reduced driving force of the 1,5 abstraction from a secondary C-H bond relative to the 
more stabilized tertiary C-H bond, the reaction proceeds at secondary carbon atoms potentially 
due to a more favorable radical capture of the nickel catalyst or the challenging tertiary Csp3-Csp2 
reductive elimination. Additionally, a major base-catalyzed byproduct of the reaction with the 
anhydride was a trans-amidation product in which the trifluoroacetyl group was replaced by an 
acetyl group. Due to the promising results with the aryl bromides, we tested whether this reactivity 
would also proceed with alkyl bromides. Gratifyingly, the reaction provided the δ-functionalized 
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product in promising yield, 7a. Given these promising preliminary results, we elected to optimize 
this reactivity. 
 
6.4 Potential Mechanism for the Cross-Coupling of Remote C-H Bonds and Alkyl 
Bromides 
A potential mechanism for the coupling of a remote carbon radical and an alkyl bromide is 
represented by the dual catalyst system shown in Scheme 6.9. After excitation with a photon of 
light, the photocatalyst can oxidize the deprotonated amide to furnish a neutral amidyl radical, II. 
This amidyl radical can abstract a distal hydrogen in a chair-like transition state from the methylene 
δ to nitrogen to afford an alkyl radical species, III. The driving force of this abstraction is the 
formation of a strong N-H amide bond (110 kcal/mol)13 which favors formation of the alkyl radical. 
Meanwhile, a low valent nickel species can oxidatively insert into a C-Br bond to afford a Ni(II)-
alkyl species, V. This Ni(II) species can then trap the remote radical to afford a transient Ni(III) 
species, VI, which can undergo reductive elimination to afford the product and a Ni(I) species, 





Scheme 6.9: Potential Mechanism 
 
6.5 Optimization of the Remote C-H Alkylation 
Having witnessed low levels of reactivity with anhydrides and aryl bromides, we sought to first 
optimize the reactivity of the promising δ-alkylation. Several factors were important for the 
maximization of reactivity, including avoidance of the alkyl bromide reductive homocoupling 
which would often proceed to full consumption of the alkyl bromide. This reductive coupling is 
dependent on the presence of the amide functionality, presumably as the sacrificial reductant. Early 
investigations into the mechanism suggest that product homodimerization may also lead to lower 
yields. Many of the optimizations of the variables of the reaction slowed the formation of these 
dimer products and thus led to higher conversion.  
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Solvent choice, concentration, and base equivalents all greatly improved the yield. Modification 
of the nickel precatalyst, ligand, and photocatalyst were also optimized, however, the common 
fluorinated iridium photocatalyst, Ir(dF-CF3ppy)2(dtbbpy)PF6 and Ni(glyme)Cl2 remained 
optimal. It is important to note that only bipyridine ligands afford the product in any appreciable 
efficiency, with most of the electronically-neutral bipyridine ligands providing the highest degrees 
of reactivity. Additionally, higher nickel catalyst loading inhibits the reaction, presumably by non-
productive coordination of the amide to the nickel center. 
 
Scheme 6.10: Optimization of the Reaction Conditions 
Control studies were also performed to determine whether all of the reaction components are 
necessary to observe the desired coupling. In the absence of any of the reaction components, 
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product formation is completely halted, including when the reaction is run in the absence of ligand 
or light.  
 
Scheme 6.11: Control Studies 
 
6.6 Scope of the Remote C-H Alkylation 
Thus far, the scope of the remote C-H alkylation tolerates a wide range of primary alkyl bromides 
(Scheme 6.12). Simple unfunctionalized alkyl fragments can be effectively coupled (7a, 7g, and 
7k), as well as more complicated species such as citronellyl bromide, 7l. Common functionalities 
can also be appended, including dioxolanes, 7c, and phosphonates, 7h. Pendent heterocycles can 
also be incorporated without interference in the reactivity, including other amide functionalities 




Scheme 6.12: Preliminary Alkyl Bromide Scope 
Benzylic bromides do not participate well in the reaction, presumable due to uncontrollable 
reduction of the C-Br bond by the photocatalyst, 6b. Additionally, efforts to try and effectively 
couple secondary, 6d and 6e, and tertiary, 6f, alkyl bromides under these conditions has thus far 
been unsuccessful. As other challenging, sterically encumbered Csp3-Csp3 cross couplings have 
been achieved through nickel catalysis, these substrates could likely provide more synthetically 
viable reactivity. Other alkyl electrophiles such as alkyl chlorides and iodides were also screened, 




Scheme 6.13: Select Extended Alkyl Bromide Scope 
The preliminary scope of the trifluoroacetamide substrate has also been screened for a variety of 
aliphatic amine derivatives. Straight chain aliphatic substrates generally participate in the reaction, 
with exclusive selectivity at the position δ to the nitrogen functionality. Generally, substrates 
bearing substitution that imparts a Thorpe-Ingold effect on the abstraction step proceed with higher 
yield than their unsubstituted analogues. Cyclic systems also participate in the reaction as long as 
the 1,5 HAT is geometrically accessible, as demonstrated by the cis-myrtanylamine substrate, 1n. 
Substrates that contain a heteroatom that activates the hydrogen bonds adjacent, still only show 




Scheme 6.14: Early Scope of the Trifluoroacetamide Coupling Partner 
 
6.7 Methylene Selectivity and Mechanistic Insights of the C-H Arylation 
Concurrently to expanding the scope of the alkyl cross-coupling, we were exploring the reactivity 
of the related arylation pathway. Utilizing the parent trifluoroacetamide substrate, there were four 
resultant peaks observed with the intended mass. Upon further inspection, there were two distinct 
sets of diastereomers with slightly different fragmentation spectra. We determined that minor and 
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major products were the intended 1,5-HAT product, 5b, and the product of a formal 1,4-HAT 
cross-coupling, 5c, respectively.   
 
Scheme 6.15: Observance of a Formal 1,4 Arylation Product 
 
The observance of the 1,4 product became more interesting during optimization as manipulation 
of several of the reaction parameters imparted some control on the relative ratio between these two 
products (Scheme 6.16). Specifically, a tetramethylheptane dioxato ligand, which has been shown 
by Molander for challenging reductive eliminations,14 could selectively forge the 1,5 product in a 
>20:1 rr. Optimization of the bipyridine conditions could instead provide preference in a 4:1 rr for 
the 1,4-arylated product. Additionally, this control can be imparted on the reaction through the 
incorporation of a large excess of halide. When excess NBu4Br or NBu4Cl is added to the 
bipyridine conditions, which typically favor formation of the 1,4 product, selectivity changes to 
favor the 1,5-arylation product, albeit with lower yields. Though the yields of this transformation 
still warrant further optimization, this observation demonstrates the ability to selectively choose 
between two electronically and sterically indistinguishable methylenes, simply through changing 




Scheme 6.16: Dictation of Methylene Selectivity Through Ligand Conditions 
Though we are unsure mechanistically what is transpiring in order to provide the unexpected 1,4 
product, the two products probably indicate a change in mechanism depending on the ligand 
environment around nickel. While the expected 1,5-arylation is probably formed through the 
aforementioned target mechanism, the formal 1,4 product should not be accessible purely through 
a change in the abstraction pathway. We believe this reactivity could be proceeding either through 
a directed nickel C-H activation route, directed by the trifluoroacetamide, or through a chain-
running mechanism15 in which the most stable resultant position is that which bears the five-
membered nickelacycle stabilized by the trifluoroacetamide group. Ongoing study will aim at 
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addressing these mechanistic differences and at further dictating the selectivity imparted through 
these reaction conditions. 
 
6.8 Efforts towards Acylation 
The acylation of these remote carbon radicals through use of a symmetrical anhydride has been 
more challenging to optimize due to the apparent incompatibility with the HAT directing amide 
functionality and the anhydride coupling partner. Though early studies proved the existence of the 
acylation product, trans-amidation of the starting material to a 1,5 HAT incompatible amide would 
obviously hinder this reactivity. In order to address these problems, a younger student, Xiao Zhang, 
has undertaken this project. 
 
6.9 Summary 
We have discovered and developed a nickel metallophotoredox strategy for the functionalization 
of unactivated Csp3-H bonds distal from other functionalities. A C-C cross-coupling using alkyl 
or aryl halides at this position can render a regioselective C-C bond forming event at generally 
chemically inert locations. Further mechanistic studies imply that for the arylation chemistry, 
changing the ligand environment around nickel can selectively dictate the remote methylene that 
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Materials and Methods: 
Unless noted, all reactions were performed in oven-dried glassware and carried out under an atmosphere of argon with 
magnetic stirring.  Photochemical reactions were run in quartz tubes which were sealed under an atmosphere of argon 
with degassed solvent. Tetrahydrofuran (THF), diethylether (Et2O), and dichloromethane (DCM) were passed through 
two columns of neutral alumina and degassed with argon. Toluene was degassed with argon and passed through one 
column of neutral alumina and one column of Q5 reagent. Anhydrous acetonitrile was purchased from EMD Millipore. 
Column chromatography was performed on SiliCycle®SilicaFlash® P60, 40-63 µm 60 Å and in general were run 
using flash techniques.1 Thin layer chromatography was performed on SiliCycle® 250 µm 60 Å plates. Preparative 
thin layer chromatography was performed on SiliCycle® 2000 µm 60 Å plates. Visualization was accomplished with 
UV light or Seebach’s stain followed by heating. 
1H NMR spectra were recorded on Varian 300 or 400 MHz spectrometers at ambient temperature. Chemical shift is 
reported in parts per million (ppm) from CDCl3 (7.26 ppm) with multiplicity (s = singlet, bs = broad singlet, d = 
doublet, t = triplet, q = quartet, and m = multiplet) and coupling constants (Hz). 13C NMR was recorded on Varian 
400 MHz spectrometers (100 MHz) at ambient temperature. Chemical shifts are reported in ppm from CDCl3 (77.2 
ppm). Mass spectra were recorded on an Agilent 6130 Quadrupole LC/MS.  Infrared spectra were collected on a 
Bruker Tensor 27 FT-IR spectrometer. Photochemical reactions were run in a Rayonet photochemical reactor with 
254 nm mercury arc bulbs (G8T5).   
Unless otherwise mentioned, all vinyl lactams were made by either condensation Procedure A or B except for N-vinyl 
pyrrolidinone and N-vinyl caprolactam, which were both purchased from the Sigma-Aldrich Chemical Company.  2-
pyrrolidinone and hydrocinnamaldehyde were both purchased from the Sigma-Aldrich chemical Company and were 
used without further purification.  All other pyrrolidinones were either made in-house from commercial starting 
















                                                          
1 Still, W. C.; Kahn, M.; Mitra, A. J. Org. Chem. 1978, 43, 2923–2925. 
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Formation of Vinyl Pyrrolidinones 
 
Condensation Procedure A: 
From a modified procedure2, 2-pyrrolidinone (2 equiv) and an aldehyde (1 equiv) were added to a solution of 3:1 
toluene:AcOH (0.25 M).  A Dean-Stark trap was affixed to the flask and the reaction was stirred at 110 o C to 
remove water via azeotropic distillation for 12 hours or until complete by TLC.  After allowing the flask to cool to 
room temperature, the reaction was quenched with a saturated solution of NaHCO3 and extracted twice with EtOAc.  
The organic layer was rinsed with a saturated NaCl solution and dried over MgSO4.  The organic layer was then 
concentrated under vacuum and purified using flash chromatography on silica (EtOAc:Hexanes). 
 
Condensation Procedure B: 
From a modified procedure2, hydrocinnamaldehyde (2 equiv) and a cyclic lactam (1 equiv) were added to a solution 
of 3:1 toluene:AcOH (0.25 M).  A Dean-Stark trap was affixed to the flask and the reaction was stirred at 110 o C to 
remove water via azeotropic distillation for 12 hours or until complete by TLC.  After allowing the flask to cool to 
room temperature, the reaction was quenched with a saturated solution of NaHCO3 and extracted twice with EtOAc.  
The organic layer was rinsed with a saturated NaCl solution and dried over MgSO4.  The organic layer was then 
concentrated under vacuum and purified using flash chromatography on silica (EtOAc:Hexanes). 
 
 
Characterization Data for vinyl pyrrolidinones 
 
1-(prop-1-en-1-yl)pyrrolidin-2-one (1b) 
Obtained using Condensation Procedure A using commercial 2-pyrrolidinone and commercial propanal.  White 
Solid. 65% Yield 1H NMR (400 MHz, cdcl3) δ 6.87 (d, J = 14.4 Hz, 1H), 4.93 (dq, J = 14.4, 6.7 Hz, 1H), 3.48 (t, J = 
7.2 Hz, 2H), 2.46 (t, J = 8.1 Hz, 2H), 2.13 – 2.01 (m, 2H), 1.72 (d, J = 6.7 Hz, 3H). 13C NMR (101 MHz, cdcl3) δ 
172.60, 124.40, 106.80, 45.23, 31.25, 17.45, 15.18. IR (ATR): 2978, 2929, 1729, 1612, 1574, 1141 cm-1 Rf: 0.35 




                                                          
2 Kozak, J. A.; Patrick, B. O.; Dake, G. R. J. Org. Chem., 2010, 75, 8585. 
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Obtained using Condensation Procedure A using commercial 2-pyrrolidinone and commercial isopentan-1-al. Light 
Yellow Oil. 60% Yield 1H NMR (400 MHz, cdcl3) δ 6.86 (d, J = 14.6 Hz, 1H), 4.92 (dd, J = 14.5, 7.1 Hz, 1H), 3.53 
– 3.44 (m, 2H), 2.51 – 2.43 (m, 2H), 2.43 – 2.29 (m, 1H), 2.14 – 2.01 (m, 2H), 1.02 (d, J = 9.1 Hz, 6H). 13C NMR 
(101 MHz, cdcl3) δ 172.94, 121.63, 119.84, 45.28, 31.34, 29.26, 23.13, 17.44. IR (ATR): 2956, 2902, 2868, 1690, 
1656, 1404, 1289, 1246 cm-1 Rf: 0.25 (20:80 EtOAc:Hex) LRMS (ESI+APCI) m/z [C9H17NO]+ ([M+H]+ ) calculated 





Obtained using Condensation Procedure A using commercial 2-pyrrolidinone and commercial 2,2-dimethylbutanal. 
Off white solid. 45% Yield. 1H NMR (400 MHz, cdcl3) δ 6.83 (d, J = 14.8 Hz, 1H), 4.97 (d, J = 14.8 Hz, 1H), 3.49 – 
3.42 (m, 2H), 2.46 (t, J = 8.1 Hz, 2H), 2.13 – 2.00 (m, 2H), 1.04 (s, 9H). 13C NMR (101 MHz, cdcl3) δ 173.25, 
124.09, 120.34, 45.30, 31.42, 30.21, 17.44. IR (ATR): 2969, 2935, 1687, 1640, 1478, 1450, 1417, 1405, 1339, 1288, 






Obtained using Condensation Procedure A using commercial 2-pyrrolidinone and commercial heptanal. Light-
yellow oil. 87% Yield 1H NMR (400 MHz, cdcl3) δ 6.87 (d, J = 14.5 Hz, 1H), 4.93 (dt, J = 14.4, 7.1 Hz, 1H), 3.56 – 
3.41 (m, 2H), 2.47 (t, J = 8.1 Hz, 2H), 2.15 – 1.98 (m, 4H), 1.46 – 1.32 (m, 2H), 1.32 – 1.21 (m, 4H), 0.93 – 0.81 
(m, 3H). 13C NMR (101 MHz, cdcl3) δ 172.73, 123.56, 112.54, 45.26, 31.28, 30.02, 29.77, 22.48, 17.43, 14.02. IR 
(ATR): 2955, 2924, 2855, 1695, 1660, 1404, 1288 cm-1 Rf: 0.30 (20:80 EtoAc:Hexanes) LRMS (ESI+APCI) m/z 





Obtained using Condensation Procedure A using commercial 2-pyrrolidinone and commercial trans-2-hexenal. 
Light yellow oil. 1:2.6 mixture of cis- and trans-isomers. 89% Yield 1H NMR (500 MHz, CDCl3) δ 7.10 (d, J = 14.1 
Hz, 1H), 7.03 (d, J = 14.3 Hz, 2.5H), 6.13 – 5.92 (m, 3.5H), 5.83 (ddd, J = 14.1, 11.1, 0.9 Hz, 1H), 5.72 – 5.54 (m, 
5H), 5.38 (d, J = 10.7 Hz, 1H), 3.61 (s, 2H), 3.59 – 3.53 (m, 5H), 2.52 (dd, J = 8.6, 7.6 Hz, 7H), 2.24 – 2.08 (m, 
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14H), 1.03 (td, J = 7.5, 2.7 Hz, 11H).  13C NMR (126 MHz, CDCl3) δ 172.95, 134.29, 131.88, 126.85, 126.09, 
125.54, 124.40, 112.77, 107.94, 45.24, 31.22, 25.79, 21.11, 17.46, 14.20, 13.70. IR (ATR): 2929, 2958, 1700, 1684, 
1617, 1576, 1418, 1324, 1285, 1121, 1065 cm-1 Rf: 0.30 (20;80 EtOAc:Hexanes) LRMS (ESI+APCI) m/z 





Obtained using Condensation Procedure A using commercial 2-pyrrolidinone and 6-((tert-
butyldimethylsilyl)oxy)hexanal.3 Colorless Oil. 71% Yield 1H NMR (400 MHz, cdcl3) δ 6.87 (d, J = 14.5 Hz, 1H), 
4.92 (dt, J = 14.5, 7.2 Hz, 1H), 3.60 (t, J = 6.4 Hz, 2H), 3.55 – 3.43 (m, 2H), 2.48 (m, 2H), 2.15 – 1.98 (m, 4H), 1.58 
– 1.33 (m, 4H), 0.94 – 0.83 (m, 9H), 0.07 – -0.01 (m, 6H). 13C NMR (101 MHz, cdcl3) δ 172.75, 123.77, 112.22 , 
63.00, 45.25, 32.21, 31.29, 29.86, 26.38, 25.96, 18.35, 17.44, -5.29. IR (ATR): 2927, 2855, 1700, 1662, 1462, 1404, 
1291, 1249, 1096, 951, 834, 774 cm-1 Rf: 0.30 (40:60 EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C16H31NOSi]+ 





Obtained using Condensation Procedure A using commercial 2-pyrrolidinone and commercial phenylacetaldehyde. 
Off-white solid. 56% Yield. 1H NMR (400 MHz, cdcl3) δ 7.63 (d, J = 14.9 Hz, 1H), 7.40 – 7.27 (m, 3H), 7.22 – 7.14 
(m, 1H), 5.89 (d, J = 14.9 Hz, 1H), 3.72 – 3.61 (m, 2H), 2.56 (t, J = 8.2 Hz, 2H), 2.23 – 2.10 (m, 2H). 13C NMR 
(101 MHz, cdcl3) δ 173.37, 136.35, 128.66, 126.56, 125.63, 123.60, 111.76, 45.25, 31.27, 17.47. IR (ATR): 2935, 
1688, 1659, 1514, 1462, 1405, 1412, 1405, 1230, 1154 cm-1. Rf: 0.20 (30:70 EtOAc:Hexanes) LRMS (ESI+APCI) 





Obtained using Procedure A using commercial 2-pyrrolidinone and commercial 3,3,3-trifluoropropanal.  White 
Solid. 96% Yield. 1H NMR (400 MHz, cdcl3) δ 7.63 (d, J = 12.6 Hz, 1H), 5.00 (dq, J = 12.6, 6.3 Hz, 1H), 3.53 (dd, 
J = 8.2, 6.3 Hz, 2H), 2.55 (t, J = 8.2 Hz, 2H), 2.24 – 2.11 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 174.08, 131.08, 
98.55, 98.20, 44.72, 30.81, 17.37. 19F NMR (376 MHz, cdcl3) δ -60.39 (dd, J = 6.4, 1.9 Hz). IR (ATR): 3070, 2968, 
                                                          
3 Saikia, B.; Devi, T. J.; Barua, N. C. Tetrahedron 2013, 69, 2157. 
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904, 2935, 1715, 1662, 1418, 1336, 1236, 1221, 1093, 977 cm-1 Rf: 0.40 (40:60 EtOAc:Hexanes). LRMS 





Obtained using Procedure A using commercial 2-pyrrolidinone and commercial (+)-citronellal. Colorless oil.  86% 
Yield. 1H NMR (300 MHz, cdcl3) δ 6.84 (d, J = 14.6 Hz, 1H), 5.06 (s, 1H), 4.79 (dd, J = 14.4, 8.3 Hz, 1H), 3.48 (t, J 
= 7.2 Hz, 2H), 2.53 – 2.39 (m, 2H), 2.26 – 2.00 (m, 2H), 1.93 (dd, J = 15.0, 7.3 Hz, 2H), 1.66 (s, 2H), 1.56 (d, J = 
5.5 Hz, 2H), 1.39 – 1.21 (m, 2H), 1.00 (d, J = 6.7 Hz, 3H). 13C NMR (101 MHz, cdcl3) δ 172.81, 131.41, 124.43, 
122.51, 118.39, 45.28, 37.71, 34.43 (s), 31.33 (s), 25.77, 21.34, 17.70, 17.42. IR (ATR): 2917, 1692, 1657, 1468, 
1451, 1395, 1329, 1301, 1255, 1213, 735 cm-1 Rf: 0.60 (50:50 EtOAc:Hexanes) LRMS (ESI+APCI) m/z 




To an oven-dried flask, ethylene glycol (15 mmol) and 1,4-dimethoxyfuran (7.5 mmol) were added to a mixture of 
toluene and AcOH (3:1, 40 mL).  A Dean-Stark trap was affixed to the flask and heated to reflux for 4 hours.  After 
which 2-pyrrolidinone (5 mmol) was added and the reaction mixture was refluxed until the reaction was determined 
to be complete by thin layer chromatography.  The reaction was quenched with saturated NaHCO3, extracted with 
EtOAc and dried over MgSO4.  The solvent was removed under reduced pressure and the crude product was purified 
using flash chromatography (85:15 EtOAc:Hexanes).  White Solid. 51% Yield HNMR: 1H NMR (300 MHz, cdcl3) δ 
6.98 (d, J = 14.5 Hz, 1H), 5.00 – 4.79 (m, 3H), 4.02 – 3.79 (m, 4H), 3.56 – 3.44 (m, 2H), 2.51 – 2.37 (m, 4H), 2.15 – 
1.98 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 172.89, 126.31, 104.96, 104.05, 64.97, 45.13, 35.09, 31.20, 17.44.  IR 
(ATR): 2891, 1735, 1662, 1415, 1247, 1395, 1329, 1099, 1024, 986 cm-1 Rf: 0.10 (85:15 EtOAc:Hexanes). LRMS 




Obtained using Condensation Procedure A using commercial 2-pyrrolidinone and commercial 
hydrocinnamaldehyde. Off-white solid. 95% Yield. 1H NMR (300 MHz, CDCl3) δ 7.35 – 7.14 (m, 5H), 7.01 (d, J = 
14.4 Hz, 1H), 5.08 (dt, J = 14.5, 7.3 Hz, 1H), 3.50 (dd, J = 8.9, 5.5 Hz, 2H), 3.41 (d, J = 7.3 Hz, 2H), 2.49 (t, J = 8.1 
Hz, 2H), 2.17 – 2.01 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 173.00, 140.71, 128.42, 126.16, 124.58, 111.00,, 45.24, 
36.53, 31.24, 17.45. IR (ATR): 2897, 1695, 1660, 1640, 1617, 1403, 1322, 1158, 1108, 1064 cm-1. Rf: 0.40 (40:60 







Obtained using Condensation Procedure A using commercial 2-pyrrolidinone and 4-methoxyphenyl-3-propanal.4 
Off-white yellow solid. 83% Yield. 1H NMR (400 MHz, cdcl3) δ 7.14 – 7.05 (m, 2H), 6.97 (d, J = 14.4 Hz, 1H), 
6.87 – 6.79 (m, 2H), 5.05 (dt, J = 14.4, 7.3 Hz, 1H), 3.78 (s, 3H), 3.49 (dd, J = 8.8, 5.6 Hz, 2H), 3.34 (d, J = 7.2 Hz, 
2H), 2.47 (t, J = 8.1 Hz, 2H), 2.13 – 1.99 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 172.97, 158.04, 132.73, 129.30, 
124.32, 113.88, 111.48, 55.26, 45.25, 35.62, 31.24, 17.44. IR (ATR): 2900, 2835, 1691, 1658, 1609, 1510, 1461, 
1404, 1286, 1242, 1175, 1033 cm-1 Rf: 0.15 (20:80 EtOAc:Hexanes). LRMS (ESI+APCI) m/z [C14H17NO2]+ 




1-(3-(4-(trifluoromethyl)phenyl)prop-1-en-1-yl)pyrrolidin-2-one (1o)  
Obtained using Procedure A using commercial 2-pyrrolidinone and 3-(4-trifluoromethylphenyl)propanal.5 Off-white 
solid. 64% Yield. 1H NMR (400 MHz, cdcl3) δ 7.54 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 7.9 Hz, 2H), 7.03 (d, J = 14.4 
Hz, 1H), 5.03 (dt, J = 14.5, 7.3 Hz, 1H), 3.55 – 3.40 (m, 4H), 2.50 (dd, J = 9.5, 6.8 Hz, 2H), 2.10 (ddd, J = 15.9, 
10.1, 7.6 Hz, 2H). 13C NMR (101 MHz, cdcl3) δ 173.10, 144.82, 128.67, 125.50 – 125.22, 109.63, 45.20, 36.31, 
31.17, 17.43. 19F NMR (376 MHz, cdcl3) δ -62.39 (s). IR (ATR): 3030, 2887, 1697, 1658, 1406, 1324, 1493, 1452, 
1324, 1187, 1106, 1066 cm-1 Rf: 0.20 (20:80 EtOAc:Hexanes). LRMS (ESI+APCI) m/z [C14H14NOF3]+ ([M+H]+ ) 





Obtained using Procedure A using commercial 2-pyrrolidinone and 3-(3,4-dimethoxyphenyl)propanal.6 Yellow solid 
55% Yield. 1H NMR (400 MHz, cdcl3) δ 7.00 (d, J = 14.4 Hz, 1H), 6.82 – 6.68 (m, 3H), 5.05 (dt, J = 14.4, 7.3 Hz, 
1H), 3.88 (s, 3H), 3.86 (s, 3H), 3.54 – 3.44 (m, 2H), 3.34 (d, J = 7.2 Hz, 2H), 2.49 (t, J = 8.1 Hz, 2H), 2.15 – 2.01 
(m, 2H). 13C NMR (101 MHz, cdcl3) δ 133.30, 124.36, 120.16, 111.68, 111.28, 55.89, 45.26, 36.21, 31.25, 17.44. IR 
                                                          
4 Gonzalez, A. G. et al J. Med. Chem. 2002, 45, 2358. 
5 Sifferlen, T. et al. Bioorg. Med. Chem. Lett. 2013, 23, 3857. 
6 Pedrosa, R.; Andres, C.; Iglesias, J. M. J. Org. Chem. 2001, 66, 243. 
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(ATR): 3060, 3026, 2919, 2935, 1695, 1661, 1493, 1452, 1394, 1335, 1275, 1238 cm-1. Rf: 0.25 (40:60 





Obtained using Condensation Procedure A using commercial 2-pyrrolidinone and commercial 3-
(methylthio)propanal. Off-white solid. 86% Yield. 1H NMR (400 MHz, cdcl3) δ 6.95 (d, J = 14.3 Hz, 1H), 4.99 – 
4.85 (m, 1H), 3.60 – 3.46 (m, 2H), 3.16 (dd, J = 7.7, 1.0 Hz, 2H), 2.49 (t, J = 8.2 Hz, 2H), 2.12 (dt, J = 16.0, 7.6 Hz, 
2H), 2.02 (s, 3H). 13C NMR (101 MHz, cdcl3) δ 173.06, 125.61, 107.58, 45.19, 34.17, 31.14, 17.42, 14.37. IR 
(ATR): 2917, 1695, 1655, 1400, 1478, 1288, 1253 cm-1 Rf: 0.20 (40:60 EtOAc:Hexanes) LRMS (ESI+APCI) m/z 




Obtained using Condensation Procedure B using (R)-3-fluoropyrrolidin-2-one7 and hydrocinnamaldehyde. Off-
white solid. 61% Yield 1H NMR (400 MHz, cdcl3) δ 7.38 – 7.11 (m, 5H), 6.99 (d, J = 14.4 Hz, 1H), 5.22 (m, 1H), 
5.06 (m, 1H), 3.68 – 3.56 (m, 1H), 3.46 – 3.39 (m, 3H), 2.52 (m, 1H), 2.24 (m, 1H). 13C NMR (101 MHz, cdcl3) δ 
167.19, 140.05, 129.32, 126.36, 123.97, 113.61, 89.67, 87.84, 41.81, 36.42, 25.79. 19F NMR (376 MHz, cdcl3) δ -
187.72 (s). IR (ATR): 3048, 2924, 1701, 1560, 1509, 1495, 1450, 1307, 1274, 1243, 1175, 1093, 1030, 700 cm-1 Rf: 
0.35 (30% EtOAc:Hexanes). LRMS (ESI+APCI) m/z [C13H15NOF]+ ([M+H]+ ) calculated 220.27, found 220.1. αD: 
+18.78 o   9mg/1mL in MeCN 
 
4-hydroxy-1-(3-phenylprop-1-en-1-yl)pyrrolidin-2-one (3b) 
Obtained using Condensation Procedure A using commercial (S)-4-hydroxypyrrolidin-2-one and commercial 
hydrocinnamaldehyde. Off-white solid. 57% Yield 1H NMR (400 MHz, cdcl3) δ 7.46 – 7.15 (m, 5H), 7.01 (d, J = 
14.5 Hz, 1H), 5.09 (dt, J = 14.5, 7.3 Hz, 1H), 4.60 (m, 1H), 3.72 (dd, J = 11.2, 5.8 Hz, 1H), 3.51 – 3.37 (m, 3H), 
2.80 (dd, J = 17.8, 6.7 Hz, 1H), 2.48 (dd, J = 17.7, 2.5 Hz, 1H). 13C NMR (101 MHz, cdcl3) δ 170.46, 140.46, 
128.44, 126.23, 124.13, 111.51, 64.33, 54.37, 41.55, 36.44. IR (ATR): 3368, 3061, 3026, 2920, 1658, 1495, 1472, 
                                                          
7 DiRocco, D. A.; Oberg, K. M.; Dalton, D. M.; Rovis, T. J. Am. Chem. Soc. 2009, 131, 10872. 
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1452, 1401, 1275, 1079 cm-1 Rf: 0.20 (50:50 EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C13H16NO2]+ ([M+H]+ ) 






Obtained using Condensation Procedure B using (S)-4-((tert-butyldimethylsilyl)oxy)pyrrolidin-2-one8 and 
commercial hydrocinnamaldehyde. Off-white solid.  83% Yield. 1H NMR (400 MHz, cdcl3) δ 7.37 – 7.12 (m, 6H), 
7.02 (d, J = 14.4 Hz, 1H), 5.05 (dt, J = 14.4, 7.3 Hz, 1H), 4.59 – 4.44 (m, 1H), 3.68 (dd, J = 10.6, 6.3 Hz, 1H), 3.40 
(d, J = 7.2 Hz, 1H), 3.34 (dd, J = 10.6, 3.2 Hz, 1H), 2.72 (dd, J = 17.4, 7.0 Hz, 1H), 2.44 (dd, J = 17.4, 3.8 Hz, 1H), 
0.92 – 0.84 (m, 7H), 0.10 – 0.02 (m, 4H). 13C NMR (101 MHz, cdcl3) δ 170.63, 140.61, 128.44, 126.19, 124.16, 
111.17, 64.81, 54.66, 41.78, 25.68, 17.96, -4.83. IR (ATR): 3062, 3027, 2953, 2928, 2885, 2856, 1701, 1661, 1471, 
1405, 1252, 1091, 1005, 835, 778 cm-1 Rf: 0.30 (40:60 EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C19H30NO2Si]+ 





Obtained using Condensation Procedure A using (R)-5-((S)-sec-butyl)pyrrolidin-2-one9 and commercial 
hydrocinnamaldehyde. Off-white solid. 51% Yield. HNMR: 1H NMR (300 MHz, cdcl3) δ 7.34 – 7.13 (m, 5H), 6.87 
(d, J = 14.6 Hz, 1H), 5.16 (dt, J = 14.6, 7.3 Hz, 1H), 4.00 (dt, J = 9.1, 2.7 Hz, 1H), 3.41 (d, J = 8.3 Hz, 2H), 2.43 (m, 
2H), 1.99 (m, 3H), 1.28 (dd, J = 14.3, 6.8 Hz, 2H), 0.92 (t, J = 7.4 Hz, 3H), 0.74 (d, J = 6.8 Hz, 3H). 13C NMR (101 
MHz, cdcl3) δ 173.46, 140.69, 128.39, 126.13, 111.88, 60.05, 36.84, 34.22, 31.12, 26.25, 17.98, 12.10.  IR (ATR): 
3024, 2962, 2929, 2876, 1684, 1453, 1406, 1280, 700 cm-1 Rf: 0.35 (30:70 EtOAc:Hexanes) LRMS (ESI+APCI) m/z 
[C17H24NO]+ ([M+H]+ ) calculated 258.38, found 258.2. αD: +18.78 o   46mg/1mL in MeCN 
 
                                                          
8 Obtained from the TBSCl protection of commercial (S)-4-hydroxypyrrolidin-2-one using imidazole in DCM. 





Obtained using Condensation Procedure B using (R)-5-phenylpyrrolidin-2-one9 and commercial 
hydrocinnamaldehyde. Off-white solid. 48% yield. 1H NMR (400 MHz, cdcl3) δ 7.44 – 6.99 (m, 10H), 6.98 – 6.92 
(m, 1H), 5.03 – 4.69 (m, 3H), 3.27 (d, J = 7.3 Hz, 2H), 2.73 – 2.36 (m, 4H), 1.99 – 1.87 (m, 1H). 13C NMR (101 
MHz, cdcl3) δ 173.70, 140.86, 140.48, 128.97, 128.49, 128.22, 127.63, 126.25, 125.96, 125.52, 123.54, 113.18, 
60.98, 36.32, 35.38, 30.77, 29.63, 28.60. IR (ATR): 3026, 2925, 1696, 1661, 1433, 1452, 1394, 1335, 1273, 1238, 
950 cm-1 Rf: 0.30 (40:60 EtOac:Hexanes) LRMS (ESI+APCI) m/z [C19H20NO]+ ([M+H]+ ) calculated 278.37, found 





(S)- 5-(((tert-butyldimethylsilyl)oxy)methyl)-1-(3-phenylprop-1-en-1-yl)pyrrolidin-2-one (3d) 
Obtained using Condensation Procedure B using (S)-5-(((tert-butyldimethylsilyl)oxy)methyl)pyrrolidin-2-one10 and 
hydrocinnamaldehyde. Off-white solid. 48% Yield  1H NMR (400 MHz, cdcl3) δ 7.34 – 7.14 (m, 5H), 6.92 (d, J = 
14.7 Hz, 1H), 5.11 (dt, J = 14.7, 7.3 Hz, 1H), 4.00 – 3.92 (m, 1H), 3.84 (dd, J = 10.4, 4.0 Hz, 1H), 3.58 (dd, J = 
10.4, 2.4 Hz, 1H), 3.41 (d, J = 7.3 Hz, 2H), 2.68 – 2.55 (m, 1H), 2.35 (m, 1H), 2.17 – 1.99 (m, 2H), 0.90 – 0.80 (m, 
9H), -0.01 (t, J = 3.5 Hz, 6H). 13C NMR (101 MHz, cdcl3) δ 173.75, 140.75, 128.39, 126.14, 123.53, 110.97, 61.71, 
57.90, 36.76, 30.88, 25.77, 21.88, 18.14, -5.53. IR (ATR): 3062, 3027, 2952, 2928, 2856, 1700, 1660, 1471, 1281, 
1252, 1112, 835, 777, 749 cm-1 Rf: 0.30 (40:60 EtOAc:Hexanes) αD: - 12.14 o 7mg/1mL in MeCN. LRMS 




Obtained using Condensation Procedure A using commercial 2-azaspiro[4.5]decan-3-one and commercial 
hydrocinnamaldehyde. Off-white solid. 92% Yield 1H NMR (300 MHz, cdcl3) δ 7.36 – 7.12 (m, 5H), 7.00 (d, J = 
                                                          
10 Paul, S.; Schweizer, W. B.; Rugg, G.; Senn, H. M., Gilmour, R. Tetrahedron 2013, 69, 5647. 
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14.4 Hz, 1H), 5.04 (dt, J = 14.4, 7.3 Hz, 1H), 3.39 (d, J = 7.3 Hz, 1H), 3.22 (s, 2H), 2.34 (s, 2H), 1.46 (m, 10H). 13C 
NMR (101 MHz, cdcl3) δ 172.16, 140.73, 128.37, 126.16, 124.55, 110.83, 37.17, 36.52, 35.93, 25.46, 22.82. IR 
(ATR): 3049, 2924, 2852, 1695, 1660, 1406, 1318, 1242 cm-1 Rf: 0.40 (40:60 EtOAc:Hexanes) LRMS (ESI+APCI) 




Obtained using Condensation Procedure A using commercial valerolactam and commercial hydrocinnamaldehyde. 
Off-white solid. 68% Yield. 1H NMR (300 MHz, cdcl3) δ 7.53 (d, J = 14.5 Hz, 1H), 7.34 – 7.11 (m, 5H), 5.13 (dt, J 
= 14.6, 7.3 Hz, 1H), 3.38 (m, 4H), 2.48 (t, J = 6.4 Hz, 2H), 1.94 – 1.70 (m, 4H). 13C NMR (101 MHz, cdcl3) δ 
168.37, 141.01, 128.39, 127.69, 126.07, 110.08, 45.17, 36.80, 32.87, 22.62, 20.57. IR (ATR): 3068, 2948, 2896, 
2837, 1658, 1636, 1472, 1426, 1407, 1331, 1291, 1271, 1167, 965 cm-1 Rf: 0.20 (30:70 EtOAc:Hexanes) LRMS 





















Formation of Azepinones 
General Procedure: 
An N-vinyl pyrrolidinone was charged in a quartz reaction vessel, under an argon atmosphere, and degassed THF 
was added (0.01 M) via cannula.  The quartz reaction vessel was irradiated in a Rayonet reactor (internal temp. ~45 o 
C) using 254 nm Mercury arc lamps until complete.  The crude reaction was then run through a short silica plug and 
concentrated under vacuum. The crude product was purified using flash chromatography on silica (EtOAc:Hexanes  
or DCM:MeOH). 
Reaction has been run successfully without loss of yield on up to 2 mmol of material at a time. 
 
Photochemical Reaction Set-Up 




Characterization Data for Azepinone Products 
 
1,5,6,7-tetrahydro-4H-azepin-4-one (2a) 
Obtained using general procedure from commercial N-vinyl pyrrolidinone (1a).  White solid. 90% Yield 1H NMR 
(400 MHz, cdcl3) δ 6.65 – 6.51 (m, 1H), 5.62 (s, 1H), 4.88 (d, J = 9.7 Hz, 1H), 3.48 (dd, J = 9.7, 4.1 Hz, 2H), 2.70 – 
2.62 (m, 2H), 2.04 – 1.91 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 200.09, 144.02, 99.89, 47.32, 43.04, 21.71. IR 
(ATR): 3244, 3071, 3044, 2936, 1614, 1518, 1442, 1328, 1279, 1225, 1178 cm-1 Rf: 0.05 (85:15 EtOAc:Hexanes) 






Obtained using general procedure from vinyl lactam 1b.  White solid. 77% Yield. 1H NMR (400 MHz, cdcl3) δ 6.76 
(d, J = 7.7 Hz, 1H), 4.84 (s, 2H), 3.41 – 3.28 (m, 2H), 2.73 – 2.65 (m, 2H), 2.01 – 1.91 (m, 2H), 1.73 (s, 3H). 13C 
NMR (101 MHz, cdcl3) δ 199.70, 145.30, 103.29, 47.17, 43.43, 23.71, 18.14. Rf: 0.20 (85:15 EtOAc:Hexanes) 





Obtained using general procedure from vinyl lactam 1e.  White solid. 60% Yield. 1H NMR (400 MHz, cdcl3) δ 6.69 
(d, J = 7.7 Hz, 1H), 4.97 (s, 2H), 3.31 (dt, J = 9.2, 3.6 Hz, 2H), 3.04 – 2.90 (m, 1H), 2.73 – 2.61 (m, 2H), 2.04 – 1.91 
(m, 2H), 1.12 (dd, J = 16.5, 7.7 Hz, 2H), 1.01 – 0.91 (d, J = 4.0 Hz 6H). 13C NMR (101 MHz, cdcl3) δ 198.99, 
164.77, 145.03, 117.12, 47.59, 43.60, 27.29, 25.43, 23.44. Rf: 0.25 (85:15 EtOAc:Hexanes) LRMS (ESI+APCI) m/z 





Obtained using general procedure from vinyl lactam 1f.  White solid. 85% Yield. 1H NMR (400 MHz, cdcl3) δ 7.02 
(d, J = 7.5 Hz, 1H), 4.66 (s, 1H), 3.13 (td, J = 6.7, 4.6 Hz, 2H), 2.57 (t, J = 7.2 Hz, 2H), 2.09 (m, 2H), 1.13 (s, 9H). 
13C NMR (126 MHz, CDCl3) δ 203.25 (s), 148.31 (s), 122.73 (s), 47.99 (s), 44.04 (s), 34.14 (s), 33.00 (s), 30.46 (s). 








Obtained using general procedure from vinyl lactam 1d.  White solid. 62% Yield. 1H NMR (400 MHz, cdcl3) δ 7.28 
– 7.06 (m, 5H), 6.77 (d, J = 8.2 Hz, 1H), 6.40 (s, 1H), 3.30 – 3.15 (m, 2H), 2.75 (dd, J = 8.1, 4.6 Hz, 2H), 2.05 – 
1.93 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 198.08, 149.28, 141.02, 130.01, 129.75, 127.88, 125.54, 112.09, 46.81, 
43.84, 24.53. IR (ATR): 3230, 3057, 2938, 2846, 1613, 1595, 1535, 1490, 1356, 1341, 1307, 1272, 1152 cm-1 Rf: 




Obtained using general procedure from vinyl lactam 1g.  Light Yellow Oil. 82% Yield. 1H NMR (400 MHz, cdcl3) δ 
6.74 (d, J = 7.8 Hz, 1H), 4.82 (s, 1H), 3.40 – 3.30 (m, 2H), 2.73 – 2.64 (m, 2H), 2.13 (dd, J = 15.9, 8.6 Hz, 2H), 2.04 
– 1.94 (m, 2H), 1.42 – 1.18 (m, 6H), 0.86 (t, J = 7.0 Hz, 3H). 13C NMR (101 MHz, cdcl3) δ 198.87, 145.57, 110.97, 
47.34, 43.71, 32.05, 31.68, 30.47, 24.27, 22.63, 14.13. IR (ATR): 3228, 3056, 2937, 2856, 1613, 1595, 1533, 1491, 
1357, 1341, 1307, 1272, 1152 cm-1 Rf: 0.30 (60:40 EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C11H20NO]+ ([M+H]+ 
) calculated 181.25, found 181.1. 
 
3-(4-((tert-butyldimethylsilyl)oxy)butyl)-1,5,6,7-tetrahydro-4H-azepin-4-one (2h) 
Obtained using general procedure from vinyl lactam 1h.  Light yellow solid. 64% Yield 1H NMR (400 MHz, cdcl3) 
δ 6.74 (d, J = 7.8 Hz, 1H), 4.79 (s, 1H), 3.59 (t, J = 6.7 Hz, 2H), 3.36 (m, 2H), 2.75 – 2.52 (m, 2H), 2.22 – 2.09 (m, 
2H), 1.98 (m, 2H), 1.48 (m, 2H), 1.38 (m, 2H), 0.88 (s, 9H), 0.04 (s, 6H). 13C NMR (101 MHz, cdcl3) δ 198.89, 
145.60, 110.48, 77.29, 76.97, 76.66, 63.46, 47.34, 43.69, 32.65, 31.83, 26.72, 26.00, 24.16, 18.38, -5.24. IR (ATR): 
3274, 2928, 2856, 2900, 1695, 1545, 1462, 1406, 1281, 1254, 1096 cm-1 Rf: 0.10 (85:15 EtOAc:Hexanes). LRMS 






Obtained using general procedure from vinyl lactam 1i.  White solid. 90% Yield. 1H NMR (400 MHz, cdcl3) δ 7.28 
(d, J = 9.0 Hz, 1H), 5.71 (s, 1H), 3.50 (m, 2H), 2.79 – 2.69 (m, 2H), 2.02 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 
195.39, 146.16, 127.27, 102.66, 47.17, 43.98, 21.20. 19F NMR (376 MHz, cdcl3) δ -60.07 (s). IR (ATR): 3253, 3074, 
2955, 2936, 1644, 1569, 1407, 1368, 1349, 1303, 1277, 1194, 1095 cm-1 Rf: 0.25 (85:15 EtOAc:Hexanes) LRMS 




Obtained using general procedure from vinyl lactam 1j.  White solid. 58% Yield. 1H NMR (400 MHz, cdcl3) δ 6.68 
(d, J = 7.9 Hz, 1H), 5.32 (s, 1H), 5.07 (t, J = 7.1 Hz, 1H), 3.38 – 3.27 (m, 2H), 2.80 (dd, J = 14.2, 7.1 Hz, 1H), 2.70 
– 2.60 (m, 2H), 1.99 (dt, J = 12.1, 6.3 Hz, 2H), 1.88 (dt, J = 14.2, 7.0 Hz, 2H), 1.64 (s, 3H), 1.54 (s, 3H), 1.40 – 1.24 
(m, 2H), 0.98 (d, J = 7.0 Hz, 3H). 13C NMR (101 MHz, cdcl3) δ 199.12, 146.13, 130.78, 125.04, 115.41, 47.58, 
43.73, 37.65, 32.45, 26.32, 25.63, 21.68, 17.60.  IR (ATR): 3289, 3080, 2922, 2900, 1622, 1559, 1407, 1368, 1234, 
1129, 1043 cm-1 Rf: 0.20 (40:60 EtOAc:Hex). LRMS (ESI+APCI) m/z [C14H24NO]+ ([M+H]+ ) calculated 222.35, 





Obtained using general procedure from vinyl lactam 1k.  Light yellow solid. 85% Yield 1H NMR (400 MHz, cdcl3) 
δ 6.85 (d, J = 8.0 Hz, 1H), 4.99 (s, 1H), 4.93 – 4.84 (t, J = 5.0 Hz, 1H), 3.99 – 3.77 (m, 4H), 3.42 (m, 2H), 2.76 – 
2.67 (m, 22H), 2.50 (d, J = 5.0 Hz, 2H), 2.06 – 1.92 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 198.13, 146.73, 104.06, 
64.71, 47.16, 43.46, 36.59, 22.88. IR (ATR): 3291, 2970, 2921, 2900, 1622, 1559, 1407, 1368, 1234, 1129, 1043 




Obtained using general procedure from vinyl lactam 1l.  Yellow solid. 40% Yield 1H NMR (400 MHz, CDCl3) δ 
6.80 (d, J = 7.9 Hz, 1H), 4.93 (s, 1H), 3.93 – 3.68 (m, 4H), 3.37 (t, J = 5.1 Hz, 2H), 2.78 – 2.65 (m, 2H), 2.10 – 1.98 
(m, 2H), 1.92 – 1.70 (m, 2H), 0.87 (t, J = 7.3 Hz, 3H).  13C NMR (126 MHz, CDCl3) δ 199.28, 155.77, 147.12, 
84.31, 68.03, 47.84, 29.97, 25.92, 25.72, 20.61, 14.31. Rf: 0.10 (80:20 EtOAc:Hex). LRMS (ESI+APCI) m/z 






Obtained using general procedure from vinyl lactam (1m). Orange solid. 40% Yield 1H NMR (400 MHz, cdcl3) δ 
6.94 (d, J = 8.2 Hz, 1H), 5.83 (s, 1H), 3.42 (dd, J = 10.6, 4.0 Hz, 2H), 3.35 (s, 2H), 2.76 – 2.63 (m, 2H), 2.03(s, 3H), 
1.97 – 1.84 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 197.47, 147.03, 105.43, 46.96, 43.47, 35.90, 22.46, 15.44.  IR 
(ATR): 3264, 3070, 2921, 2900, 1618, 1544, 1400, 1364, 1280, 1231, 1177 cm-1 Rf: 0.15 (85:15 EtOAc:Hexanes) 




Obtained using general procedure from vinyl lactam 1c.  White solid. 92% Yield.  1H NMR (400 MHz, cdcl3) δ 7.31 
– 7.08 (m, 5H), 6.76 (d, J = 7.3 Hz, 1H), 5.61 (s, 1H), 3.53 (s, 2H), 3.46 – 3.36 (m, 2H), 2.78 – 2.68 (m, 2H), 1.99 
(m, 2H). 13C NMR (101 MHz, cdcl3) δ 198.76, 142.55, 128.61, 128.17, 125.60, 109.74, 47.18, 42.62, 37.00, 22.94. 
IR (ATR): 3278, 3075, 2929, 1617, 1544, 1405, 1367, 1325, 1234, 1159, 1108, 1066 cm-1 Rf: 0.15 (85:15 





Obtained using general procedure from vinyl lactam 1n.  White solid. 74% Yield 1H NMR (400 MHz, cdcl3) δ 7.14 
– 7.04 (d, J = 8.0 Hz, 2H), 6.83 – 6.71 (d, J = 8.0 Hz, 2H), 6.64 (d, J = 8.0 Hz, 1H), 5.45 (s, 1H), 3.75 (d, J = 3.3 Hz, 
3H), 3.42 (s, 2H), 3.39 – 3.28 (m, 2H), 2.74 – 2.61 (m, 2H), 1.95 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 198.16, 
157.52, 146.98, 134.99, 129.47, 113.55, 109.47, 55.22, 47.06, 43.56, 36.35, 23.19.  IR (ATR): 3265, 3060, 2924, 
2850, 1542, 1509, 1437, 1405, 1364, 1282, 1242, 1173, 1033 cm-1 Rf: 0.20 (85:15 EtOAc:Hexanes) LRMS 







Obtained using general procedure from vinyl lactam 1o.  White solid. 72% Yield 1H NMR (400 MHz, cdcl3) δ 7.48 
(d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 6.73 (d, J = 8.0 Hz, 1H), 5.02 (s, 1H), 3.54 (s, 2H), 3.41 (dd, J = 10.7, 
4.0 Hz, 2H), 2.77 – 2.61 (m, 2H), 2.00 (dd, J = 7.4, 4.1 Hz, 2H). 13C NMR (101 MHz, cdcl3) δ 197.87, 147.25, 
146.18, 128.68, 124.97, 108.99, 47.23, 43.49, 37.45, 22.96.  19F NMR (376 MHz, cdcl3) δ 62.30 IR (ATR): 3274, 
3065, 2928, 1616, 1540, 1405, 1367, 1323, 1234, 1107, 1065, 1018 cm-1 Rf: 0.20 (85:15 EtOAc:Hexanes) LRMS 





Obtained using general procedure from vinyl lactam 1p.  White solid. 74% Yield. HNMR: 1H NMR (400 MHz, 
cdcl3) δ 6.81 – 6.67 (m, 3H), 6.63 (d, J = 8.0 Hz, 1H), 5.05 – 4.96 (m, 1H), 3.84 (s 3H), 3.83 (s, 3H), 3.46 (s, 3H), 
3.38 (m, 2H), 2.68 (m, 2H), 1.95 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 198.13 (s), 149.14 – 147.97 (m), 146.26, 
135.35, 120.35, 112.29, 111.04, 55.84, 47.28, 36.66, 23.39. IR (ATR): 3248, 2937, 1586, 1640, 1478, 1450, 1417, 
1405, 1339, 1288, 1240 cm-1 Rf: 0.25 (85:15 EtOAc:Hexanes). LRMS (ESI+APCI) m/z [C15H20NO3]+ ([M+H]+ ) 





Obtained using general procedure from vinyl lactam 3a.  White solid. 65% Yield 1H NMR (400 MHz, cdcl3) δ 7.33 
– 7.21 (m, 5H), 6.64 (d, J = 8.4 Hz, 1H), 5.02 (bs, 1H), 4.09 (m, 1H), 3.20 (s, 2H), 3.05 (m 2H), 1.72 (m, 2H). 13C 
NMR (101 MHz, cdcl3) δ 197.28, 145.41, 140.23, 128.58, 128.27, 125.55, 103 24, 39.44, 37.83, 33.43. Rf: 0.20 







Obtained using general procedure from vinyl lactam 3b.  Yellowish solid. 63% Yield 1H NMR (400 MHz, cdcl3) δ 
7.33 – 7.08 (m, 5H), 6.89 (d, J = 7.5 Hz, 1H), 5.09 (s, 1H), 4.34 (d, J = 4.9 Hz, 1H), 3.49 (q, J = 15.2 Hz, 2H), 3.33 
(d, J = 11.2 Hz, 2H), 2.88 (m, 2H) 1.69 (s, 1H). 13C NMR (101 MHz, cdcl3) δ 195.98, 150.41, 141.88, 128.62, 
128.23, 125.71, 113.94, 71.50, 54.55, 51.83, 35.93. IR (ATR): 3290, 3027, 2923, 1559, 1494, 1452, 1431, 1364, 
1288, 1076 cm-1 Rf: 0.15 (95:5 DCM:MeOH) LRMS (ESI+APCI) m/z [C13H16NO2]+ ([M+H]+ ) calculated 218.27, 





Obtained using general procedure from vinyl lactam 3c.  White solid. 82% Yield. 1H NMR (400 MHz, cdcl3) δ 7.32 
– 7.17 (m, 5H), 6.68 (d, J = 8.3 Hz, 1H), 5.31 (d, J = 9.1 Hz, 1H), 3.72 (d, J = 5.6 Hz, 1H), 3.53 (d, J = 3.9 Hz, 2H), 
3.45 (d, J = 6.8 Hz, 2H), 2.73 (dd, J = 9.2, 4.3 Hz, 2H), 1.80 – 1.69 (m, 2H), 0.91 – 0.87 (m, 9H), 0.06 (dd, J = 8.4, 
5.0 Hz, 6H). 13C NMR (101 MHz, cdcl3) δ 195.96, 150.11, 142.03, 128.67, 128.16, 125.60, 114.15, 35.75, 25.73, 
18.03, -4.65, -4.91. IR (ATR): 3259, 3080, 2926, 2855, 1626, 1539, 1413, 1369, 1349, 1245, 1210, 1107, 1093, 
1000, 834, 771 cm-1 Rf: 0.20 (85:15 EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C19H30NO2Si]+ ([M+H]+ ) calculated 





Obtained using general procedure from vinyl lactam (3d).  White solid. 89% Yield. 1H NMR (400 MHz, cdcl3) δ 
7.22 (m, 5H), 6.68 (d, J = 8.3 Hz, 1H), 5.34 (d, J = 8.3 Hz, 1H), 3.72 (d, J = 5.4 Hz, 1H), 3.52 (s, 2H), 3.50 – 3.40 
(m, 2H), 2.81 – 2.61 (m, 2H), 1.80 – 1.72 (m, 2H), 0.94 – 0.85 (m, 9H), 0.07 (s, 6H). 13C NMR (101 MHz, cdcl3) δ 
197.23, 145.37, 142.89, 128.71, 128.40, 128.12, 125.47, 109.29, 65.69, 58.41, 41.59, 37.02, 25.83, 24.38, 18.23, -
5.40. Rf: 0.15 (85:15 EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C20H32NO2Si]+ ([M+H]+ ) calculated 346.57, found 







Obtained using general procedure from vinyl lactam 3f.  White solid. 51% Yield 1H NMR (400 MHz, cdcl3) δ 7.42 – 
7.06 (m, 10H), 6.72 (d, J = 8.2 Hz, 1H), 4.99 (d, J = 7.3 Hz, 1H), 4.55 (dt, J = 9.0, 2.5 Hz, 1H), 3.56 (q, J = 15.0 Hz, 
2H), 2.79 – 2.61 (m, 2H), 2.36 – 2.08 (m, 2H), 1.81 (dd, J = 86.2, 15.2 Hz, 1H), 1.41 – 1.02 (m, 1H). 13C NMR (101 
MHz, cdcl3) δ 197.87, 145.32, 142.67, 142.45, 128.98, 128.71, 128.19, 126.31, 125.57, 109.70, 62.01, 41.11, 37.01, 
30.03. IR (ATR): 3273, 3060, 3026, 2927, 1616, 1559, 1539, 1493, 1419, 1349, 1245 cm-1 Rf: 0.20 (85:15 
EtOAc:Hexanes). LRMS (ESI+APCI) m/z [C19H20NO]+ ([M+H]+ ) calculated 278.37, found 278.1. αD: +18.78 o   




(R)-3-benzyl-7-((S)-sec-butyl)-1,5,6,7-tetrahydro-4H-azepin-4-one (4g) Obtained using general procedure from 
vinyl lactam 3g.  White solid. 75% Yield. 1H NMR (400 MHz, cdcl3) δ 7.28 – 7.04 (m, 5H), 6.66 (d, J = 8.2 Hz, 
1H), 5.25 (d, J = 7.5 Hz, 1H), 3.49 (s, 2H), 3.24 (d, J = 5.1 Hz, 1H), 2.65 (m, 2H), 1.89 – 1.74 (m, 2H), 1.61 – 1.49 
(m, 1H), 1.49 – 1.37 (m, 1H), 1.29 – 1.12 (m, 1H), 0.91 (dd, J = 9.0, 7.1 Hz, 6H). 13C NMR (101 MHz, cdcl3) δ 
198.11, 146.96, 142.97, 128.59, 128.08, 125.41, 108.72, 61.55, 41.80, 39.27, 37.05, 25.95, 24.17, 14.23, 11.82. IR 
(ATR): 3118, 3026, 3026, 2960, 2907, 2875, 1616, 1593, 1528, 1463, 1426, 1359, 1313, 1272, 1257 cm-1 Rf: 0.25 
(85:15 EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C7H13NO]+ ([M+H]+ ) calculated 258.38, found 258.4. αD: -51.33 





Obtained using general procedure from vinyl lactam 3e.  White solid. 82% Yield 1H NMR (400 MHz, cdcl3) δ 7.32 
– 7.05 (m, 5H), 6.83 (d, J = 7.5 Hz, 1H), 4.96 (s, 1H), 3.49 (s, 2H), 3.05 (d, J = 4.7 Hz, 2H), 2.51 (s, 2H), 1.59 – 
1.31 (m, 10H). 13C NMR (101 MHz, cdcl3) δ 198.52, 150.40, 142.32, 128.68, 128.14, 125.53, 113.83, 42.23, 35.76, 
34.86, 26.03, 21.92. IR (ATR): 3274, 3059, 3025, 2923, 2851, 1623, 1547, 1492, 1451, 1364, 1328, 1313, 1270, 
1246, 1220, 1074 cm-1 Rf: 0.25 (60:40 EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C18H23NO]+ ([M+H]+ ) calculated 







Obtained using general procedure from vinyl lactam 5b.  Yellow solid. 73% Yield. 1H NMR (400 MHz, cdcl3) δ 
12.19 (s, 1H), 8.93 (s, 1H), 7.42 – 7.02 (m, 5H), 3.52 (s, 2H), 3.36 (t, J = 5.6 Hz, 2H), 2.23 (t, J = 6.4 Hz, 2H), 1.69 
(m, 4H). 13C NMR (101 MHz, cdcl3) δ 186.18, 165.62, 142.51, 128.30, 127.75, 125.76, 102.67, 41.22, 33.67, 26.34, 
21.61, 18.98. IR (ATR): 3022, 2942, 2870, 2793, 2732, 1602, 1569, 1491, 1451, 1419, 1365, 1334, 1245, 1290, 
1271, 1258, 1180, 1107, 1071, 831, 737 cm-1 Rf: 0.30 (85:15 EtOAc:Hexanes). LRMS (ESI+APCI) m/z 
[C14H18NO]+ ([M+H]+ ) calculated 236.31, found 236.3. 
 
 
















A flask of acetic acid (3 mL) was cooled to 0 o C. To this, NaBH4 (2.5 mmol) was added slowly to the solution and 
it was stirred for 15 mins.  To this, a solution of azepinone 2b in DCM was added dropwise.  The reaction was 
stirred for 3 hours at 0 o C before being quenched with a saturated NaHCO3 solution. The organic layer was 
separated and washed with a saturated NaCl solution and dried over MgSO4.  The product was concentrated under 
vacuum with no further purification. White Solid. 99% Yield. 1H NMR (400 MHz, cdcl3) δ 9.79 (s, 1H), 7.34 – 7.09 
(m, 5H), 4.11 (dd, J = 14.3, 7.2 Hz, 1H), 4.02 (s, 2H), 3.40 – 3.28 (m, 2H), 3.28 – 3.15 (m, 4H), 3.00 (dd, J = 13.4, 
4.8 Hz, 2H), 2.94 – 2.84 (m, 2H), 2.76 (dd, J = 13.7, 8.4 Hz, 2H), 2.71 – 2.55 (m, 17H), 2.23 (s, 11H), 2.00 (d, 1H), 
1.79 – 1.45 (m, 2H). 13C NMR (101 MHz, cdcl3) δ 177.23 (s), 138.84 (s), 129.03 (d, J = 3.0 Hz), 128.62 (s), 126.53 
(s), 68.83 (s), 45.36 (s), 45.16 (s), 42.06 (s), 38.18 (s), 34.64 (s), 21.84 (s), 20.69 (s).  Rf: 0.05 (10:90 MeOH:DCM) 




A solution of azepinone 2c (1 mmol) in THF (2 mL) was cooled to -78 o C.  To this solution, a 1.6 M solution of 
nBuLi (1.1 mmol) was added dropwise.  The solution was stirred for 10 minutes before a solution of tosyl chloride 
(1.5 mmol) in THF was added dropwise to the reaction.  The reaction was allowed to warm to rt before it was 
quenched with saturated NH4Cl and extracted twice with EtOAc.  The organic extracts were washed with saturated 
NaCl and dried over MgSO4.  The crude product was concentrated under vacuum and used without further 
purification. White Solid. 95% Yield. 1H NMR (400 MHz, cdcl3) δ 7.62 (d, J = 8.3 Hz, 1H), 7.38 – 7.10 (m, 6H), 
3.58 (dd, J = 7.0, 5.4 Hz, 2H), 3.53 (s, 2H), 2.56 (t, J = 7.1 Hz, 2H), 2.45 (s, 3H), 2.11 – 1.97 (m, 2H). 13C NMR 
(101 MHz, cdcl3) δ 200.17, 139.58, 130.15, 128.72, 128.41, 126.95, 50.33, 42.46, 36.73, 26.68, 21.51. Rf: 0.10 







Tosyl azepinone 13 (2 mmol) was dissolved in a solution of DCM, to which palladium on carbon (0.40 mmol) was 
added. The reaction was vented and placed inside a hydrogen bomb which was put under a hydrogen gas pressure of 
40 PSI for 18 hours. The hydrogen was released and the reaction was filtered through a short silica plug to remove 
the palladium.  The crude product was concentrated under vacuum and required no further purification. White Solid. 
99% Yield. 1H NMR (400 MHz, cdcl3) δ 7.55 (d, J = 8.3 Hz, 2H), 7.34 – 7.14 (m, 25H), 3.67 – 3.51 (m, 8H), 3.13 – 
2.88 (m, 16H), 2.71 (dd, J = 13.7, 7.8 Hz, 4H), 2.60 – 2.43 (m, 8H), 2.42 (d, J = 7.5 Hz, 11H), 1.93 – 1.68 (m, 9H). 
13C NMR (101 MHz, cdcl3) δ 211.37, 143.54, 138.37, 135.70, 129.79, 129.10, 128.55, 127.05, 126.53, 54.72, 50.54, 
49.18, 41.36, 35.00, 25.23, 21.49. Rf: 0.30 (40:50 EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C20H24NO3S]+ 
([M+H]+ ) calculated 358.48, found 358.1. 
 
 
benzyl 5-oxo-6-pentyl-2,3,4,5-tetrahydro-1H-azepine-1-carboxylate (15) 
A solution of azepinone 2g (1 mmol) in THF (2 mL) was cooled to -78 o C.  To this solution, a 1.6 M solution of 
nBuLi (1.1 mmol) was added dropwise.  The solution was stirred for 10 minutes before benzyl chloroformate (1.5 
mmol) in THF was added dropwise to the reaction.  The reaction was allowed to warm to rt before it was quenched 
with saturated NH4Cl and extracted twice with EtOAc.  The organic extracts were washed with saturated NaCl and 
dried over MgSO4.  The crude product was concentrated under vacuum and used without further purification.  
Colorless oil. 99% Yield. 1H NMR (400 MHz, cdcl3) δ 7.46 – 7.27 (m, 5H), 5.23 (s, 1H), 3.74 (t, J = 6.4 Hz, 2H), 
2.62 (t, J = 7.2 Hz, 2H), 2.13 (dt, J = 13.5, 7.1 Hz, 2H), 1.35 (dd, J = 14.7, 7.3 Hz, 2H), 1.31 – 1.12 (m, 4H), 0.83 
(dd, J = 13.3, 6.2 Hz, 3H). 13C NMR (101 MHz, cdcl3) δ 210.64, 201.96, 168.16, 164.40, 135.48, 126.04, 124.84, 
80.41, 49.54, 42.28, 37.71, 31.17, 28.89, 22.12, 12.11. Rf: 0.10 (50:50 EtOAc:Hexanes). LRMS (ESI+APCI) m/z 







benzyl 6-pentyl-2,3,4,7-tetrahydro-1H-azepine-1-carboxylate (16) 




NMR (500 MHz, CDCl3) δ 7.44 – 7.31 (m, 5H), 5.48 (d, J = 5.8 Hz, 1H), 5.16 (d, J = 7.1 Hz, 1H), 3.96 (s, 2H), 3.88 
(s, 2H), 3.62 (dt, J = 22.0, 6.2 Hz, 2H), 2.18 (s, 2H), 2.11 – 1.98 (m, 4H), 1.96 (m, J = 7.5 Hz, 4H), 1.90 – 1.63 (m, 
4H), 1.63 – 1.59 (m, 4H), 1.49 – 0.96 (m, 4H), 0.96 – 0.75 (m, 4H), 0.74 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
156.21 (s), 140.78 (s), 128.39 (s), 127.79 (s), 124.52 (s), 67.61 (s), 66.27 (s), 48.11 (s), 37.55 (s), 33.08(s),  24.95 
(s), 22.56 (s), 14.07 (s).. Rf: 0.40 (20:80 EtOAc:Hexanes). LRMS (ESI+APCI) m/z [C7H13NO]+ ([M+H]+ ) 



















                                                          
11Murakami, K.; Sasano, Y.; Tomizawa, M.; Shibuya, M.; Kwon, E.; Iwabuchi, Y. J. Am. Chem. 
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Materials and Methods: 
Unless noted, all reactions were performed in oven-dried glassware and carried out under an atmosphere of argon or 
nitrogen with magnetic stirring.  All photochemical reactions were run in dram vials fitted with Teflon caps under 
irradiation from a Blue H150 Kessil 35W LED lamp. All column chromatography was performed using general flash 
techniques on on SiliCycle®SilicaFlash® P60, 40-63 µm 60 Å.1 For particularly difficult separations, an Teledyne 
Isco Combiflash using CombiFlash gold pre-packed columns. Thin layer chromatography was performed on 
SiliCycle® 250 µm 60 Å plates. Visualization was accomplished with 254 nm UV light, Seebach’s stain, or I2. 
1H NMR spectra were recorded on Varian 300 or 400 MHz spectrometers OR Bruker 400 or 500 MHz spectrometers 
at ambient temperature. Chemical shift is reported in parts per million (ppm) from CDCl3 (7.26 ppm) with multiplicity 
(s = singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet, and m = multiplet) and coupling constants (Hz). 
13C NMR was recorded on Varian 400 MHz spectrometers (100 MHz) or Bruker 500 MHz spectrometers (125 MHz) 
at ambient temperature. Chemical shifts are reported in ppm from CDCl3 (77.2 ppm). Mass spectra were recorded on 
a Waters Acquity H uPLC-MS.  Infrared spectra were collected on a Perkin Elmer Spectrum Two FT-IR Spectrometer. 
All cyclic voltammetry studies were performed on a CH instruments Model 1232B potentiostat.  All experiments were 
run using an EDAQ 1-mm disk glassy carbon working electrode in conjunction with an EDAQ Ag/AgCl reference 
electrode. Platinum wire from VWR served as the counter electrode. All voltammetry measurements for the cobalt 
complexes were run in anhydrous acetonitrile from Sigma-Aldrich at 5 mM using tetrabutylammonium 
hexafluorophosphate (0.1 M) as the electrolyte. Unless otherwise noted, the scan rate was set at 100 mV/s with a 
sensitivity of 1.0x10-5.   
Unless otherwise mentioned, all starting materials were obtained from commercial sources including Sigma-Aldrich, 
TCI, Matrix, Alfa-Aesar, and Oakwood Scientific. Anhydrous CoBr2, bis-1,3-diphenylphoshinopropane (dppp), 
anhydrous acetonitrile, and anhydrous CsOPiv were obtained from Sigma-Aldrich and stored in an argon glovebox. 
Photocatalysts used in this studied were either synthesized through known methods or bought from commercial 
sources. [Ir(dF-CF3ppy)2(dtbbpy)]PF6, in particular, was synthesized according to a reported literature procedure2 or 





Extended Optimization Studies 
In addition to the control experiments shown in Table 1, additional optimization studies were performed as shown 
below. Unless shown otherwise, reactions were run on 0.1 mmol scale using 1a (2 equiv), 2a (1 equiv), Co Source (10 
mol %), ligand (10 mol %), photocatalyst (0.5 mol %), and base (40 mol %) in acetonitrile (0.1 M). 
 
Table S1: Control Studies 
 
 




Cyclic Voltammetry Studies 
Cyclic Voltammetry Studies were run using a glassy carbon electrode, platinum wire counter electrode, and Ag/AgCl 
reference electrode. For all studies, tetrabutylammonium hexafluorophosphate was used as the electrolyte in a solution 
of acetonitrile while nitrogen was bubbled through the solution prior to data collection. For all listed CVs, sweeps 
were run negative (reductive) on first pass. 
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Figure S2: Co(OPiv)2 versus Ag/AgCl 
 








Figure S4: Co(dppp)(OPiv)2 versus Ag/AgCl 
 
 





































On/Off studies and Quantum Yield Determination 
On/off studies were performed using the reaction conditions using CoBr2, 4,4’-di-tertbutyl 2,2’-bipyridine, and 
CsOPiv on dimethylaniline and ethyl sorbate using mesitylene as an internal standard. Three different photocatalysts 
were screened (Ir(ppy)2(dtbbpy)PF6, Ir(dF-CF3ppy)2(dtbbpy)PF6, and 4Cz-IPN) over a period of time alternating 
cycles of irradiation and darkness.  Reactions were run simultaneously and in duplicate. The reactions were performed 
in a dark room and set up under red light in order to avoid starting the reaction prematurely. Aliquots were taken every 
two hours and injected onto an HPLC with a known standard in order to determine yield. Overall, these cycles seem 
detrimental for the reaction, as the reaction never goes fully to completion during these cycles. 
 
 
Increasing the length of the reaction overnight and thus extending the reaction time indicated, that the more strongly 
reducing catalyst, Ir(ppy)2(dtbbpy)PF6 dies over the course of the reaction and leads to loss of yield. The cause of this 
is not fully understood, though this could potentially be conversion to one of the bis-products. Longer irradiation also 





Extending the length of the darkness in comparison, showed that the reaction remains off during long periods of 
darkness and shows slight reinitiation (especially with 4Cbz-IPN). There are potentially some other processes that 
lead to degradation of product as indicated as some loss in yield over extended periods of darkness, especially in the 
case of Ir(ppy)2(dtbbpy)PF6. Overall, these cycles seem detrimental for the reaction, as the reaction never goes to 
completion following these on/off cycles. 
 
A chemical actinometer, made from potassium ferrioxalate was set up based on prior examples3,4 in order to measure 
the quantum yield of the experiment. For our experiment, a NMR tube with 1.4 mg (0.005 mmol) Ir(dF-
CF3ppy)2(dtbbpy)PF6, 5.8 mg (0.025 mmol) CoBr2, 3.90 mg (0.025 mmol) bipyridine, 63.38 L (0.5 mmol) N,N-
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dimethylaniline,  36.32 L (0.25 mmol) ethyl sorbate, and 23.40 mg (0.1 mmol) CsOPiv in 1 mL of deuterated MeCN. 
The reactions were monitored by 1H NMR using mesitylene as the internal standard. After 30 hr, the quantum yield 





Starting Material Synthesis and Characterization Data 
 
p-tolyl hexa-2,4-dienoate (5i) 
Compound was prepared using a DCC coupling between sorbic acid and p-cresol as described by Lam and 
coworkers.5 White Solid. 92% Yield 1H NMR (500 MHz, CDCl3) δ 7.45 (dd, J = 15.1, 10.2 Hz, 1H), 7.23 – 7.17 (m, 
2H), 7.06 – 6.99 (m, 2H), 6.36 – 6.20 (m, 2H), 5.98 (dd, J = 15.4, 0.6 Hz, 2H), 2.37 (s, 3H), 1.92 (d, J = 6.0 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 165.9 – 165.7 (m), 148.5 (s), 140.5 (s), 135.4 (s), 129.9 (s), 121.3 (s), 118.2 (s), 21.0 
(s), 18.7 (s). IR (ATR): 2906, 1722, 1643, 1619, 1505, 1332, 1238, 1198, 1125, 1007 Rf: 0.20 (5% EtOAc:Hexanes) 
LRMS (ESI+APCI) m/z [C16H24NO2]+ ([M+H]+ ) calculated: 202.25, found 202.4. 
 
 
Standard Reaction Conditions 
 
 
Reactions were typically set-up in a glovebox under inert atmosphere but could also be performed under proper 
Schlenk techniques, back filling with an inert atmosphere. In an oven-dried vial, load 1.4 mg of photocatalyst 
(0.0012 mmol, 0.005 equiv), 5.4 mg CoBr2 (0.025 mmol, 0.1 equiv), 10.35 mg dppp (0.025 mmol, 0.1 equiv), and 
23.43 mg CsOPiv (0.1 mmol, 0.4 equiv). Add 2 mL of  anhydrous acetonitrile (0.05 M) and magnetic stir-bar and 
stir solution until solution is a homogeneous purple color.  Add 0.31 mmol (1.25 equiv) of the amine and stir briefly 
until homogeneous.  Subsequently add 0.25 mmol (1.0 equiv) of diene and 3.36 μL (0.11 equiv) of mesitylene as an 
internal standard. Seal tightly and place ~2-6 inches from a Kessil lamp and irradiate and stir for 12 to 16 hr at room 
temperature. Upon completion by TLC, reactions were run through a short silica plug to remove cobalt species and 
concentrated in vacuo.  Products were purified using flash column chromatography using EtOAc:Hexanes or 










Characterization Data for Homo-Allylic Amines 
 
ethyl 5-methyl-6-(methyl(phenyl)amino)hex-3-enoate (6a) 
Prepared using standard reaction conditions from commercially available dimethylaniline and ethyl sorbate. 
Colorless Oil. 72% Yield 20:1 dr. Complete after 12 hours. 1H NMR (500 MHz, CDCl3) δ 7.24 (t, 2H), 6.79 – 6.65 
(m, 3H), 5.58 – 5.52 (m, 2H), 4.15 (q, J = 7.1 Hz, 2H), 3.24 (dd, J = 7.4, 2.5 Hz, 2H), 3.03 (dd, J = 6.0, 1.0 Hz, 2H), 
2.95 (s, 3H), 2.68 (dt, J = 13.9, 7.0 Hz, 2H), 1.28 (t, J = 7.1 Hz, 3H), 1.05 (d, J = 6.7 Hz, 3H). 13C NMR (126 MHz, 
CDCl3) δ 171.9 (s), 149.4 (s), 137.7 (s), 129.1 (s), 121.5 (s), 115.7 (s), 111.8 (s), 60.7 (s), 59.0 (s), 39.5 (s), 38.3 (s), 
35.8 (s), 17.6 (s). 14.1 (s). IR (ATR): 2961, 1734, 1599, 1506, 1370, 1243, 1172, 1033, 991, 747, 692. Rf: 0.30 (10% 
Et2O:Hexanes) LRMS (ESI+APCI) m/z [C16H24NO2]+ ([M+H]+ ) calculated: 262.37, found 262.2. 
 
ethyl 5-methyl-6-(methyl(p-tolyl)amino)hex-3-enoate (6b) 
Prepared using standard reaction conditions from commercially available N,N,4-trimethylaniline and ethyl sorbate. 
Colorless Oil. 66% Yield, 20:1 dr. Complete after 12 hours. 92% purity with inseparable impurity. 1H NMR (400 
MHz, cdcl3) δ 7.03 (d, J = 8.2 Hz, 2H), 6.59 (d, J = 8.5 Hz, 2H), 5.52 (m 2H), 4.13 (q, J = 7.1 Hz, 2H), 3.17 (dd, J = 
7.3, 2.8 Hz, 2H), 3.00 (d, J = 5.7 Hz, 2H), 2.91 (s, 3H), 2.65 (dd, J = 13.2, 6.7 Hz, 1H), 2.24 (s, 3H), 1.24 (t, J=7.1 
Hz, 3H), 1.01 (d, J = 6.7 Hz, 3H). 13C NMR (101 MHz, cdcl3) δ 172.0 (s), 147.0 (s), 137.8 (s), 129.8 (s), 125.0 (s), 
121.6 (s), 112.1 (s), 60.5 (s), 59.3 (s), 39.5 (s), 38.2 (s), 35.6 (s), 20.1 (s), 17.61 (m), 14.2 (s). IR (ATR): 2922, 1734, 
1618, 1521, 1458, 1368, 1173, 1035, 971, 801 cm-1 Rf: 0.40 (5% EtOAc:Hexanes) LRMS (ESI+APCI) m/z 
[C17H26NO2]+ ([M+H]+ ) calculated: 276.39, found 276.4.  
 
 
ethyl 6-((3,5-dimethylphenyl)(methyl)amino)-5-methylhex-3-enoate (6c) 
Prepared using standard reaction conditions from commercially available N,N,3,5-tetramethylaniline and ethyl 
sorbate. Colorless Oil. 75% Yield, 20:1 E:Z. Complete after 12 hours. 1H NMR (500 MHz, CDCl3) δ 6.37 (s, 1H), 
6.33 (s, 2H), 5.60 – 5.53 (m, 2H), 4.16 (q, J = 7.1 Hz, 2H), 3.20 (dd, J = 7.3, 3.0 Hz, 2H), 3.04 (d, J = 5.5 Hz, 2H), 
2.94 (s, 3H), 2.67 (dt, J = 13.6, 6.7 Hz, 1H), 2.30 (s, 3H), 1.28 (t, J = 7.1 Hz, 3H), 1.05 (d, J = 6.7 Hz, 3H).) 13C 
NMR (126 MHz, CDCl3) δ 172.0 (s), 149.6 (s), 138.6 (s), 137.9 (s), 121.5 (s), 117.9 (s), 109.9 (s), 60.6 (s), 59.2 (s), 
39.6 (s), 38.3 (s), 35.7 (s), 21.8 (s), 17.7 (s), 14.2 (s). IR (ATR): 2918, 1735, 1597, 1486, 1367, 1301, 1163, 1033, 
969, 815, 691 cm-1 Rf: 0.40 (10% EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C18H28NO2]+ ([M+H]+ ) calculated: 





ethyl 6-((4-bromophenyl)(methyl)amino)-5-methylhex-3-enoate (6d) 
Prepared using standard reaction conditions from commercially available N,N-dimethyl-4-bromoaniline and ethyl 
sorbate. White Solid. 81% Yield, 20:1 E:Z. Complete after 12 hours. 1H NMR (400 MHz, cdcl3) δ 7.26 (d, J = 6.6, 
2H), 6.55 – 6.47 (d, J = 6.6, 2H), 5.49 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 3.18 (d, J = 7.4 Hz, 2H), 2.99 (d, J = 5.4 
Hz, 2H), 2.91 (s, 3H), 2.74 – 2.56 (m, 1H), 1.25 (t, J = 7.1 Hz, 3H), 1.00 (d, J = 6.7 Hz, 2H). 13C NMR (101 MHz, 
cdcl3) δ 148.2 (s), 137.3 (s), 131.7 (s), 121.9 (s), 113.4 (s), 60.6 (s), 59.0 (s), 39.5 (s), 38.1 (s), 35.5 (s), 17.7 (s), 14.2 
(s). IR (ATR): 2949, 1734, 1653, 1590, 1497, 1434, 1358, 1194, 1164, 969, 807 cm-1 Rf: 0.40 (5% EtOAc:Hexanes) 
LRMS (ESI+APCI) m/z [C16H22BrNO2]+ ([M+H]+ ) calculated: 341.26, found 341.2.  
 
 
ethyl 6-(diphenylamino)-5-methylhex-3-enoate (6e) 
Prepared using standard reaction conditions from commercially available diphenylmethylamine and ethyl sorbate. 
Colorless Oil. 70% Yield 10:1 E:Z Complete after 12 hours. 1H NMR (400 MHz, cdcl3) δ 7.24 (m, 4H), 6.95 (m, 
6H), 5.57 – 5.48 (m, 2H), 4.11 (q, J = 7.1 Hz, 2H), 3.67 – 3.58 (m, 2H), 2.99 (d, J = 5.7, 2H), 2.66 (m, 1H), 1.24 (t, 
3H), 1.05 (d, J = 6.8 Hz, 3H).  13C NMR (101 MHz, cdcl3) δ 171.9 (s), 148.4 (s), 137.5 (s), 129.2 (s), 121.8 (s), 
121.2 (s), 121.1 (s), 60.5 (s), 58.3 (s), 38.2 (s), 35.4 (s), 17.8 (s), 14.2 (s). IR (ATR): 2921.7, 2851.2, 1734.4, 1588.5, 
1496.2, 1367.4, 1245.4, 1172.3, 1029.6, 748.8, 695.6 cm-1 Rf: 0.40 (2% Et2O:Hexanes) LRMS (ESI+APCI) m/z 
[C21H26NO2]+ ([M+H]+ ) calculated: 324.44, found: 324.2.  
 
 
 ethyl 5-(1-phenylpyrrolidin-2-yl)hex-3-enoate (6d) 
Prepared using standard reaction conditions from commercially available N-phenylpyrrolidine and ethyl sorbate. 
Light yellow Oil. 65% Yield 1:1 dr 20:1 E:Z Complete after 16 hours. 1H NMR (400 MHz, CDCl3) δ 7.25 (m, 4H), 
6.81 – 6.60 (m, 6H), 5.68 – 5.35 (m, 4H), 4.23 – 4.05 (m, 4H), 3.82 (dd, J = 7.6, 3.2 Hz, 4H), 3.76 – 3.62 (m, 4H), 
3.60 – 3.40 (m, 4H), 3.31 – 3.06 (m, 4H), 3.03 (dd, J = 10.2, 9.2 Hz, 4H), 2.89 – 2.78 (m, 2H), 2.07 – 1.77 (m, 8H), 
1.77 – 1.61 (m, 4H), 1.35 – 1.14 (m, 6H), 1.07 (d, J = 7.4 Hz, 3H), 0.94 (d, J = 6.3 Hz, 3H). 13C NMR (101 MHz, 
CDCl3) δ 172.1 (s), 171.9 (s), 147.6 (s), 147.5 (s), 137.4 (s), 135.7 (s), 129.1 (s), 122.1 (s), 121.6 (s), 115.5 (s), 112.4 
(s), 112.4 (s), 63.0 (s), 62.0 (s), 60.5 (s), 49.6 (s), 49.3 (s), 41.3 (s), 38.5 (s), 38.3 (s), 37.8 (s), 37.5 (s), 27.2 (s), 26.5 
(s), 26.3 (s), 24.3 (s), 24.0 (s), 23.8 (s), 18.2 (s), 16.5 (s), 14.3 (s), 14.2 (s), 13.6 (s).IR (ATR): 2963, 1731, 1597, 
1503, 1366, 1159, 1032, 992, 748, 694 cm-1 Rf: 0.30 (5% Et2O:Hexanes) LRMS (ESI+APCI) m/z [C18H26NO2]+ 





ethyl 6-((4-ethynylphenyl)(methyl)amino)-5-methylhex-3-enoate (6f) 
Prepared using standard reaction conditions from commercially available N,N-dimethyl-4-ethynylaniline and ethyl 
sorbate. Yellow Oil. 57% Yield 20:1 E:Z Complete after 12 hours. 1H NMR (400 MHz, cdcl3) δ 7.34 (d, 2H), 6.55 
(d, 2H), 5.58 – 5.41 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 3.23 (d, J = 7.4 Hz, 2H), 3.02 – 2.91 (m, 3H), 2.63 (m, 1H), 
1.23 (t, 3H), 1.01 (d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, cdcl3) δ 171.8 (s), 149.2 (s), 137.2 (s), 133.2 (s), 122.0 
(s), 111.2 (s), 84.9 (s), 74.6 (s), 60.6 (s), 58.7 (s), 39.5 (s), 38.2 (s), 35.6 (s), 17.7 (s), 14.2 (s). IR (ATR): 2922, 
1730, 1596, 1525, 1371, 1269, 1179, 1032, 823 cm-1 Rf: 0.25 (10% EtOAc:Hexanes) LRMS (ESI+APCI) m/z 
[C18H24NO2]+ ([M+H]+ ) calculated: 287.39, found 287.4.  
 
ethyl 5-(2-phenylisoindolin-1-yl)hex-3-enoate (6h) 
Prepared using standard reaction conditions from commercially available ethyl sorbate and prepared phenyl 
isoindoline.6 Colorless Oil. 61% Yield Complete after 12 hr. 8:1 dr. Major diastereomer tentatively assigned as the 
drawn structure based on structures reported by Singh and coworkers.7 Oxidation of the isoindoline product 
observed as one of the byproducts. 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.29 (m, 5H), 7.28 – 7.21 (m, 1H), 6.79 – 
6.70 (m, 3H), 5.89 (dt, J = 16.0, 3.8 Hz, 1H), 5.71 (dtd, J = 16.0, 7.0, 1.2 Hz, 1H), 5.22 (t, J = 3.0 Hz, 1H), 4.79 (dd, 
J = 13.3, 3.1 Hz, 1H), 4.57 (d, J = 13.3 Hz, 1H), 4.23 (q, J = 7.1 Hz, 2H), 3.20 (dt, J = 7.0, 1.2 Hz, 2H), 1.33 (t, J = 
7.1 Hz, 3H), 0.61 (d, J = 6.7 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 171.9 (s), 146.0 (s), 138.0 (s), 138.4 (s), 136.7 
(s), 129.4 (s), 126.5 (s), 123.4 (s), 122.4 (s), 122.2 (s), 116.0 (s), 112.0 (s), 67.2 (s), 60.7 (s), 54.8 (s), 38.5 (s), 37.8 
(s), 14.3 (s), 12.3 (s).  IR (ATR): 2979, 2918, 1734, 1599, 1496, 1178, 1120, 1058, 933, 752, 691 cm-1 Rf: 0.3 (10% 
EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C22H26NO2]+ ([M+H]+) calculated: 336.45, found 336.2.  
 
 
ethyl 4-((6-ethoxy-2-methyl-6-oxohex-3-en-1-yl)(methyl)amino)benzoate (6i) 
Prepared using standard reaction conditions from commercially available ethyl 4-dimethylaminobenzoate and ethyl 
sorbate. Off white solid. 72% Yield 20:1 E:Z  Complete after 12 hours. 1H NMR (400 MHz, cdcl3) δ 7.92 (d, J = 8.9 
Hz, 2H), 6.73 (d, J = 8.9 Hz, 2H), 5.57 – 5.42 (m, 2H), 4.32 (q, J = 7.2 Hz, 2H), 4.12 (q, J = 7.1 Hz, 2H), 3.30 (dd, J 
= 7.4, 3.1 Hz, 2H), 3.05 – 2.91 (m, 5H), 2.64 (m, 1H), 1.35 (t, J = 7.2 Hz, 3H), 1.24 (t, J = 7.1 Hz, 3H), 1.03 (d, J = 
6.8 Hz, 3H). 13C NMR (101 MHz, cdcl3) δ 171.7 (s), 136.7 (s), 131.3 (s), 122.5 (s), 111.6 (s), 77.3 (s), 60.6 (s), 60.2 
(s), 38.0 (s), 35.5 (s), 17.8 (s), 14.4 (s), 14.2 (s). IR (ATR): 2920, 1734, 1697, 1603, 1523, 1463, 1366, 1276, 1182.2, 
1104, 1023, 973, 770 cm-1 Rf: 0.40 (5% EtOAc:Hexanes) LRMS (ESI+APCI) m/z [C19H28NO4]+ ([M+H]+ ) 





ethyl 6-(ethyl(phenyl)amino)-5-methylhept-3-enoate (6j) 
Prepared using standard reaction conditions from commercially available N,N-diethylaniline and ethyl sorbate. 
Colorless Oil. 45% Yield 1:1 dr  Complete after 20 hours. 1H NMR (400 MHz, CDCl3) δ 7.22 (dd, J = 14.7, 8.5 Hz, 
6H), 6.77 (d, J = 11.2 Hz, 3H), 6.68 (dd, J = 21.6, 15.4 Hz, 3H), 5.67 – 5.37 (m, 4H), 4.22 – 4.15 (m, 2H), 4.15 – 
4.06 (m, 2H), 3.66 (ddd, J = 13.5, 7.8, 4.2 Hz, 2H), 3.39 – 3.02 (m, 6H), 2.94 (d, J = 5.7 Hz, 2H), 2.60 – 2.38 (m, 
1H), 1.33 – 0.97 (m, 9H). 13C NMR (101 MHz, CDCl3) δ 172.2 (s), 157.4 (s), 148.8 (s), 138.3 (s), 137.9 (s), 129.1 
(s), 129.0 (s), 122.1 (s), 121.0 (s), 115.8 (s), 113.7 (s), 113.4 (s), 60.6 (s), 60.5 (s), 59.3 (s), 58.5 (s), 42.2 (s), 41.1 
(s), 38.2 (s), 38.1 (s), 18.6 (s), 17.8 (s), 16.4 (s), 16.0 (s), 14.2 (s), 14.2 (s), 13.9 (s), 13.8 (s). IR (ATR): 2966, 2924, 
2852, 1735, 1596, 1501, 1453, 1368, 1263, 1174, 746, 692 cm-1 Rf: 0.40 (10% EtOAc:Hexanes) LRMS (ESI+APCI) 
m/z [C18H28NO2]+ ([M+H]+ ) calculated: 290.42, found 290.2.  
 
 
 ethyl 5-methyl-6-(2,2,6,6-tetramethylpiperidin-1-yl)hex-3-enoate (6k) 
Prepared using standard reaction conditions from commercially available 1,2,2,6,6-pentamethylpiperidine and ethyl 
sorbate. Difficulties were had in removing ethyl sorbate dimerization products (trace peaks in NMR). Colorless Oil. 
65% Yield 20:1 E:Z  Complete after 16 hours. 1H NMR (500 MHz, CDCl3) δ 5.51 (dd, J = 10.8, 6.8 Hz, 19H), 5.38 
– 5.32 (m, 20H), 4.20 – 4.07 (m, 48H), 2.90 – 2.83 (m, 16H), 2.55 (ddd, J = 10.3, 9.2, 3.9 Hz, 40H), 2.30 (t, J = 7.4 
Hz, 32H), 1.82 (d, J = 1.3 Hz, 6H), 1.68 – 1.61 (m, 56H), 1.28 (t, 152H), 1.04 (d, 3H), 0.99 (t, 3H). 13C NMR (126 
MHz, CDCl3) δ 127.6 (s), 125.6 (s), 77.3 (s), 77.0 (s), 76.8 (s), 59.9 (s), 54.5 (s), 50.7 (s), 47.8 (s), 41.3 (s), 28.8 (s), 
17.8 (s), 14.3 (s), 12.8 (s). IR (ATR): 2965, 2926, 1730, 1464, 1367, 1257, 1160, 1026, 704 cm-1 Rf: 0.20 (10% 




Prepared using standard reaction conditions from commercially available N-methyl piperine and previously 
prepared p-tolyl sorbate, 2c. Colorless Oil. 62% Yield 2.5:1 rr Final Product 84% pure of minor diastereomer. 
Complete after 16 hours. 1H NMR (500 MHz, CDCl3) 7.19 (d, J = 8.4 Hz, 2H), 6.97 (m, 3H), 5.66 (dd, J = 4.7, 3.1 
Hz, 2H), 3.29 (d, J = 4.9 Hz, 2H), 2.48-2.45 (m, 1H), 2.22 (s, 3H), 2.26 – 2.15 (m, 4H), 1.57 (m, J = 81.0 Hz, 4H), 
1.44 (m, 2H), 1.04 (d). 13C NMR (126 MHz, CDCl3) δ 170.8 (s), 148.5 (s), 139.8 (s), 135.4 (s), 129.9 (s), 121.2 (s), 
119.7 (s), 65.6 (s), 54.9 (s), 38.2 (s), 34.2 (s), 26.0 (s), 24.6 (s), 20.9 (s), 18.6 (s). IR (ATR): 2930, 2853, 1755, 1507, 
1452, 1196, 1165, 1122, 970 cm-1 Rf: 0.20 (50% EtOAc:Hexanes) Visualized using Seebach’s stain or using EDCI 





p-tolyl 5-methyl-6-morpholinohex-3-enoate (6m) 
Prepared using standard reaction conditions from commercially available N-methyl morpholine and and previously 
prepared p-tolyl sorbate, 2c. Colorless Oil. 51% Yield 6:1 rr 20:1 E:Z Product 85% pure of minor anisole impurity 
(singlet at 3.85). Complete after 16 hours. 1H NMR (500 MHz, CDCl3) δ 7.56 (d, J = 9.0 Hz, 3H), 7.29 (m, 16H), 
7.19 (dt, J = 12.1, 3.1 Hz, 12H), 7.01 – 6.95 (d, 2H), 5.69 – 5.63 (m, 2H), 3.71 (t, 2H), 3.30 (dd, J = 3.6, 1.9 Hz, 
2H), 2.50 – 2.37 (m, 2H), 2.36 (s, 3H), 2.21 (dd, J = 12.1, 7.5 Hz, 2H), 1.05 (d, J = 6.7 Hz, 3H). 13C NMR (126 
MHz, CDCl3) δ170.7 (s) 148.5 (s), 139.3 (s), 129.9 (s), 121.2 (s), 67.0 (s), 54.0 (s), 38.2 (s), 33.8 (s), 20.9 (s). IR 
(ATR): 2925, 1729, 1507, 1378, 1295, 1119, 1165, 1199, 1026, 969 cm-1 Rf: 0.2 (50% EtOAc:Hexanes) Visualized 
using EDCI on CombiFlash or Seebach’s stain. LRMS (ESI+APCI) m/z [C18H26NO3]+ ([M+H]+ ) calculated: 
304.40, found 304.4.  
 
 
ethyl 5-methyl-6-(methyl(1-phenylethyl)amino)hex-3-enoate (6n) 
Prepared using standard reaction conditions from commercially available N,N-dimethyl-1-phenylethylamine and 
ethyl sorbate. Due to co-elution with dimeric ethyl sorbate products, after running the crude product through a silica 
plug, reaction mixture was washed with 3x 5 mL 2M HCl. Aqueous fractions were basified using a saturated 
NaHCO3 solution and extracted 3x with 5 mL of EtOAc. Organic fractions were combined, dried over Mg2SO4 and 
concentrated in vacuo to afford mixture of product, bis-addition products, and starting amine. Product was purified 
using a CombiFlash Gold column, equipped with EDCI. Colorless Oil. 61% Yield 2:1 dr, 20:1 E:Z Product 91% 
pure from an inseparable impurity. Complete after 16 hours. 1H NMR (400 MHz, CDCl3) δ 7.33 (d, J = 2.3 Hz, 3H), 
7.24 (dd, J = 10.2, 3.8 Hz, 2H), 5.61 – 5.36 (m, 2H), 4.15 (q, J = 7.1 Hz, 2H), 3.66 – 3.52 (m, 1H), 3.03 (d, J = 6.5 
Hz, 2H), 2.45 – 2.11 (m, 1H), 2.25 – 2.12 (m, 5H), 2.25 – 2.11 (m, 2H), 1.38 – 1.23 (m, 6H), 0.99 (d, J = 6.6 Hz, 
3H). 13C NMR (101 MHz, CDCl3) δ 172.2 (s), 144.23 (s), 127.9 (s), 126.7 (s), 120.4 (s), 63.3 (s), 60.5 (s), 38.3 (s), 
34.8 (s), 17.5 (s), 14.1 (s). IR (ATR): 2958, 2924, 1720, 1648, 1451, 1368, 1223, 1264, 1175, 1033, 701 cm-1Rf: 0.20 
(25% EtOAc:Hexanes) Visualized though EDCI on Combiflash or using K3MnO4. LRMS (ESI+APCI) m/z 
[C18H28NO2]+ ([M+H]+ ) calculated 290.42, found 290.2.  
 
 
 N-methyl-N-(pent-3-en-1-yl)aniline (5b) 
Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and 20% weight 
butadiene in toluene. 2:1 mixture of inseparable E and Z isomers. Some regioisomer is also present. Colorless Oil. 
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50% Yield 2:1 rr, 2:1 E:Z.Complete after 12 hours. 1H NMR (500 MHz, CDCl3) δ 7.26 (m, 2H), 6.80 – 6.61 (m, 
3H), 5.86 (dd, J = 17.0, 10.3 Hz, 2H), 5.61 – 5.24 (m, 2H), 5.14 – 4.97 (m, 2H), 3.41 – 3.27 (m, 2H), 2.96 (s, 2H), 
2.49 – 2.04 (m, 4H), 1.80 – 1.58 (m, 91H), 1.67 (d, 3H). 13C NMR (126 MHz, CDCl3) δ 149.1 (s), 138.2 (s), 129.2 
(s), 128.3 (s), 127.2 (s), 127.0 (s), 116.0 (s), 115.0 (s), 112.1 (s), 52.9 (s), 52.4 (s), 52.2 (s), 38.3 (s), 31.2 (s), 29.8 
(s), 25.8 (s), 24.8 (s), 18.1 (s). IR (ATR): 2916, 1598, 1504, 1356, 1192, 990, 966, 746, 691 cm-1 Rf: 0.20 (2% 
Et2O:Hexanes) LRMS (ESI+APCI) m/z [C12H18N]+ ([M+H]+ ) calculated 176.28, found 176.2.  
 
      
N-methyl-N-(3-methylpent-3-en-1-yl)aniline (5a) 
Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and isoprene.  
Mixture of inseparable regio- and E and Z isomers.  Colorless Oil. 71% Yield 2:1 rr, 2:1 E:Z Complete after 12 
hours.  1H NMR (500 MHz, CDCl3) δ 7.31 – 7.19 (m, 2H), 6.72 (dd, J = 16.2, 7.8 Hz, 3H), 5.75 (t, J = 11.2 Hz, 1H), 
5.37 – 5.17 (m, 1H), 5.17 (s, 1H), 5.01 (d, J = 5.0 Hz, 1H), 4.75 (d, J = 16.9 Hz, 2H), 3.46 – 3.38 (m, 2H), 3.38 – 
3.30 (m, 2H), 3.00 – 2.92 (m, 3H), 2.35 – 2.20 (m, 2H), 2.08 (t, J = 7.6 Hz, 2H), 1.84 – 1.67 (m, 6H), 1.67 – 1.56 
(m, 6H), 1.07 (d, J = 6.8 Hz, 3H).13C NMR (126 MHz, CDCl3) δ 149.4 (s), 149.1 (s), 145.3 (s), 129.2 (s), 120.3 (s), 
115.9 (s), 115.9 (s), 112.1 (s), 112.1 (s), 110.1 (s), 52.4 (s), 51.9 (s), 38.3 (s), 38.2 (s), 36.2 (s), 35.2 (s), 24.5 (s), 
22.5 (s), 16.0 (s), 13.5 (s).  IR (ATR): 2922, 1598, 1505, 1448, 1371, 990, 887, 746, 691 cm-1. Rf: 0.20 (2% 
Et2O:Hexanes) LRMS (ESI+APCI) m/z [C13H20N]+ ([M+H]+ ) calculated 190.30, found 190.2.  
 
 
 N-(3,4-dimethylpent-3-en-1-yl)-N-methylaniline (5c) 
Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and 2,3 dimethyl 
butadiene. Iseperable from terminal alkene regioisomer using CombiFlash Gold columns on Isco CombiFlash. 
Colorless Oil. 58% Yield 2:1 rr Complete after 12 hours. 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.21 (m, 2H), 6.80 – 
6.66 (m, 3H), 4.77 (m, 1H), 3.36 (dd, J = 8.6, 7.1 Hz, 2H), 3.29 (t, 2H), 2.96 (s, 3H), 2.35 – 2.27 (m, 1H), 2.07 (d, J 
= 3.5 Hz, 1H), 1.77 – 1.63 (m, 9H), 1.08 (dd, J = 6.9, 2.5 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 149.0 (s), 129.1 
(s), 126.0 (s), 124.7 (s), 115.8 (s), 112.5 (s), 112.1 (s), 110.1 (s), 51.0 (s), 39.2 (s), 38.1 (s), 31.8 (s), 30.9 (s), 21.8 
(s), 20.6 (s), 20.2 (s), 20.0 (s), 19.0 (s), 18.9 (s). IR (ATR): 2920, 2859, 1598, 1505, 1448, 1370, 1199, 1115, 1034, 
990, 889, 746, 690 cm-1. Rf: 0.20 (2% Et2O:Hexanes) LRMS (ESI+APCI) m/z [C14H21N]+ ([M+H]+ ) calculated 






Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and 2-
(trimethylsiloxy)-1,3-butadiene. Colorless Oil. 66% Yield Complete after 12 hours. 1H NMR (500 MHz, CDCl3) δ 
7.25 (t, J = 7.9 Hz, 2H), 6.73 (m, 3H), 3.34 (t, 2H), 2.93 (s, 3H), 2.49 (t, J = 7.0 Hz, 2H), 2.14 (s, 3H), 1.93 – 1.85 
(m, 2H). 13C NMR (126 MHz, CDCl3) δ 208.3 (s), 129.2 (s), 116.3 (s), 112.3 (s), 51.8 (s), 40.7 (s), 38.1 (s), 30.0 (s), 
21.1 (s).  IR (ATR): 2922, 1713, 1598, 1505, 1363, 1164, 990, 748, 693 cm-1 Rf: 0.20 (10% EtOAc:Hexanes) LRMS 
(ESI+APCI) m/z [C12H18NO]+ ([M+H]+ ) calculated 192.27, found 192.2. 
 
 
 methyl 6-(methyl(phenyl)amino)hex-3-enoate (5e) 
Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and methyl 2,4-
penadienoate. Colorless Oil. 60% Yield 20:1 E:Z Complete after 12 hours.  1H NMR (400 MHz, cdcl3) δ 7.24 (m, 
2H), 6.70 (d, J = 7.8 Hz, 3H), 5.64 – 5.48 (m, 2H), 3.68 (s, 3H), 3.38 (t, 2H), 3.04 (d, J = 5.5 Hz, 2H), 2.93 (s, 3H), 
2.32 (dd, J = 13.9, 6.2 Hz, 2H).13C NMR (126 MHz, CDCl3) δ 208.3 (s), 129.2 (s), 116.3 (s), 112.3 (s), 51.8 (s), 40.7 
(s), 38.1 (s), 30.0 (s), 21.1 (s). IR (ATR): 2915, 1709, 1598, 1506, 1448, 1355, 1193, 1033, 992, 748, 693 cm-1 Rf: 




Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and 1-phenyl-1,3- 
butadiene. Inseperable mixture of diastereomers using CombiFlash Gold columns on Isco CombiFlash. Colorless 
Oil. 90% Yield 2:1 E:Z Complete after 12 hours. 1H NMR (500 MHz, CDCl3) δ 7.41 – 7.28 (m, 98H), 7.28 – 7.18 
(m, 101H), 6.78 – 6.56 (m, 55H), 6.44 (d, J = 17.3 Hz, 5H), 6.27 (s, 6H), 5.70 (dd, J = 16.1, 5.4 Hz, 21H), 5.54 (dd, 
J = 20.6, 12.2 Hz, 20H), 3.46 – 3.32 (m, 82H), 2.95 (d, J = 18.6 Hz, 35H), 2.52 – 2.46 (m, 18H), 2.46 – 2.26 (m, 
33H), 1.80 (t, J = 11.3 Hz, 8H).
 13C NMR (126 MHz, CDCl3) δ 140.7 (s), 131.0 (s), 130.1 (s) 129.1 (s), 128.5 (s), 
128.5 (s), 128.4 (s), 128.3 (s), 127.4 (s), 125.9 (s), 116.2 (s), 116.0 (s), 112.4 (s), 39.26 – 39.10 (m), 29.87 – 29.71 
(m), 24.72 (s). IR (ATR): 3024, 2921, 1598, 1504, 1452, 1358, 990, 965, 745, 693 cm-1 Rf: 0.30 (1% Et2O:Hexanes) 




Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and 1,4-diphenyl 1,3- 
butadiene. Off White Solid.  77% Yield 5:1 E:Z Complete after 16 hours. 1H NMR (500 MHz, CDCl3) δ 7.39 – 7.14 
(m, 10H), 7.13 (d, 2H), 6.77 – 6.63 (m, 3H), 5.80 (dd, J = 12.0, 5.8 Hz, 1H), 5.67 (dd, J = 14.5, 7.5 Hz, 1H), 4.82 – 
3.66 (m, 2H), 3.55 (dd, J = 14.5, 7.0 Hz, 1H), 3.37 (d, J = 6.7 Hz, 2H), 2.73 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 
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143.4 (s), 132.3 (s), 131.0 (s), 129.1 (s), 128.6 (s), 127.8 (s), 126.6 (s), 125.9 (s), 115.7 (s), 112.0 (s), 59.3 (s), 47.3 
(s), 39.6 (s), 39.1 (s). IR (ATR): 3025, 2922, 1598, 1505, 1452, 1343, 1193, 967, 991, 746, 699 cm-1 Rf: 0.30 (1% 
Et2O:Hexanes) LRMS (ESI+APCI) m/z [C24H26N]+ ([M+H]+ ) calculated 328.47, found 328.2.  
 
 
benzyl 5-methyl-6-(methyl(phenyl)amino)hex-3-enoate (5h) 
Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and previously 
reported 2d (benzyl sorbate), which was made through a similar DCC coupling as 2c. Colorless Oil. 52% Yield 20:1 
E:Z Complete after 12 hours. 1H NMR (500 MHz, CDCl3) δ 7.34 (m, 5H), 7.23 (d, J = 8.8 Hz, 2H), 6.77 – 6.64 (m, 
2H), 5.64 – 5.48 (m, 2H), 5.14 (s, 2H), 3.22 (d, J = 10.2 Hz, 2H), 3.09 (d, J = 5.4 Hz, 2H), 2.94 (s, 3H), 2.68 (dt, J = 
14.0, 7.0 Hz, 1H), 1.04 (d, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 171.7 (s), 149.3 (s), 138.0 (s), 135.9 (s), 
129.1 (s), 128.6 (s), 128.2 (s), 121.4 (s), 115.8 (s), 112.1 (s), 66.4 (s), 59.1 (s), 39.5 (s), 38.2 (s), 35.7 (s), 17.7  (s). IR 
(ATR): 2920, 1735, 1598, 1506, 1455, 1239, 1159, 992, 970, 747, 694 cm-1 Rf: 0.40 (5% EtOAc:Hexanes) LRMS 
(ESI+APCI) m/z [C21H25NO2]+ ([M+H]+ ) calculated 324.44, found 324.2.  
 
 
p-tolyl 5-methyl-6-(methyl(phenyl)amino)hex-3-enoate (5i) 
Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and previously 
synthesized 2c. White Solid. 60% Yield 20:1 E:Z Complete after 12 hours. 87% purity due to inseparable anisole 
impurity. 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.05 (m, 3H), 6.97 (d, J = 8.4 Hz, 2H), 6.70 (d, J = 9.4 Hz, 2H), 5.71 
– 5.62 (m, 2H), 3.27 (d, J = 7.2 Hz, 2H), 2.96 (s, 3H), 2.72 (dd, J = 17.6, 15.5 Hz, 1H), 2.37 (s, 3H), 1.08 (d, J = 6.7 
Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 170.5 (s), 149.4 (s), 148.5 (s), 138.5 (s), 135.4 (s), 129.6 (s), 121.1 (s), 
115.8 (s), 111.9 (s), 59.2 (s), 39.5 (s), 38.2 (s), 35.8 (s), 20.85 (s), 17.77 (s). IR (ATR): 2917, 2849, 1755, 1598, 
1506, 1452, 1371, 1343, 1196, 1165, 1128, 970, 748, 692 cm-1 Rf: 0.30 (10% EtOAc:Hexanes) LRMS (ESI+APCI) 
m/z [C21H25NO2]+ ([M+H]+ ) calculated 324.44, found 324.2.  
 
 
4-methyl-5-(methyl(phenyl)amino)pent-2-en-1-yl acetate  (5j) 
Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and 2,4-hexadienyl-
1-acetate. Reaction produces ~10% of the allylation product as well ([M+H]+ = 202.3). Colorless Oil. 50% Yield 2:1 
rr. Complete after 16 hours. 1H NMR (500 MHz, CDCl3) δ 7.33 – 7.17 (m, 2H), 6.72 (d, J = 9.4 Hz, 3H), 5.75 – 5.65 
(m, 1H), 5.75 – 5.39 (m, 1H), 4.10 – 4.05 (m, 2H), 3.28 (d, 2H), 2.97 (s, 3H), 2.09 (s, 64H), 1.61 (s, 30H).13C NMR 
(126 MHz, CDCl3) δ 171.4 (s), 129.1 (s), 127.4 (s), 126.3 (s), 116.2 (s), 112.2 (s), 65.0 (s), 54.4 (s), 39.6 (s), 36.8 
(s), 26.7 (s), 21.0 (s) 12.9 (s). IR (ATR): 2920, 2851, 1742, 1596, 1507, 1463, 1051, 1033 Rf: 0.20 (30% EtOAc: 






Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and pseudoionone. 
Colorless Oil. 61% Yield 20:1 E:Z Complete after 16 hours. 1H NMR (500 MHz, CDCl3) δ 7.29 – 7.20 (m, 2H), 
6.78 – 6.67 (m, 3H), 5.07 (d, J = 8.1 Hz, 2H), 4.95 (d, J = 7.2 Hz, 1H), 3.35 (dd, J = 18.1, 6.0 Hz, 2H), 3.11 (d, J = 
18.5 Hz, 2H), 2.91 (s, 3H), 2.50 (d, J = 15.5 Hz, 2H), 2.36 (dd, J = 14.8, 10.7 Hz, 2H), 2.09 (s, 3H), 2.08– 1.93 (m, 
2H), 1.69 (s, 3H), 1.61 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 149.4 (s), 137.7 (s), 131.5 (s), 129.0 (s), 124.1 (s), 
112.0 (s), 39.3 (s), 30.0 (s), 26.44 (s), 25.7 (s), 18.0 (s). IR (ATR): 2921, 2851, 1713, 1599, 1507, 1449, 1375, 1033, 
746, 692 cm-1 Rf: 0.20 (20% EtOAc:Heaxanes) LRMS (ESI+APCI) m/z [C21H32NO]+ ([M+H]+ ) calculated 314.49, 




Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and myrcene. 
Colorless Oil. 39% Yield 1:1 rr 20:1 E:Z Complete after 12 hours. 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.16 (m, 
2H), 6.72 (dt, J = 14.7, 7.6 Hz, 3H), 5.31 (m, 1H), 5.17 (m, 1H), 3.45 – 3.23 (m, 2H), 2.96 (s, 3H), 2.93 (s, 3H), 2.36 
– 2.25 (m, 2H), 2.25 – 1.91 (m, 2H), 1.73 (s, 3H), 1.63 (s, 3H), 1.57 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 148.8 
(s) 137.7 (s), 137.2 (s), 132.1 (s), 129.2 (s), 124.2 (s), 120.7 (s), 120.3 (s), 116.0 (s), 115.9 (s), 112.1 (s), 52.3 (s), 
51.3 (s), 38.1 (s), 37.5 (s), 33.3 (s), 27.0 (s), 26.9 (s), 25.7 (s), 17.7 (s), 13.3 (s). IR (ATR): 2920, 2854, 1599, 1505, 
1448, 1374, 1191, 990, 746, 690 cm-1 Rf: 0.30 (2% Et2O:Hexanes) LRMS (ESI+APCI) m/z [C18H28N]+ ([M+H]+ ) 




Prepared using standard reaction conditions from commercially available N,N-dimethylaniline and piperine. 
Colorless Oil. 34% Yield  Complete after 16 hours. 1H NMR (500 MHz, CDCl3) δ 7.31 – 7.19 (m, 2H), 6.80 – 6.57 
(m, 5H), 5.95 (s, 2H), 5.73 – 5.56 (m, 2H), 3.80 (m, 2H), 3.62 – 3.54 (m, 2H), 3.54 – 3.22 (m, 28H), 2.97 (s, 3H), 
1.61 – 1.49 (m, 4H), 1.34 (m, 6H). 13C NMR (126 MHz, CDCl3) δ 170.8 (s), 148.8 (s), 147.6 (s), 145.8 (s), 133.8 (s), 
132.5 (s), 129.3 (s), 128.5 (s), 116.0 (s), 111.9 (s), 109.3 (s), 107.8 (s), 100.9 (s), 56.1 (s), 43.3 (s), 39.8 (s), 26.4 (s), 
25.7 (s), 24.5 (s). IR (ATR): 2912, 2852, 1630, 1503, 1489, 1443, 1245, 1163, 1120, 1033, 1010, 927, 696. Rf: 0.10 





Extended Scope of Substrates 
The products below represent some other substrates attempted under the standard reaction conditions and were 
deemed to be unsuccessful or proceed in unusable yield. Products were not isolated or characterized. Yields were 
determined through use of NMR internal standard of mesitylene. It should be noted that specific optimization of 
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